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THEORETICAL INVESTIGATION  OF THE AERODYNAMIC 

INTERFERENCE INDUCED BY CRUISE AND LIFT 

FANS ON TRANSPORT-TYPE  AIRCRAFT 

By M. R. Mendenhall, M. F. E. D i l l en ius ,  

Nielsen  Engineering & Research,  Inc. 
and S. B. Spangler 

SUMMARY 

A t h e o r e t i c a l   i n v e s t i g a t i o n  w a s  made of  the aerodynamic i n t e r f e r e n c e  
induced  by  cruise and l i f t - f a n   e n g i n e s   f o r  two  component arrangements 
c h a r a c t e r i s t i c   o f   t r a n s p o r t - t y p e   a i r c r a f t .  The  two cases c o n s i s t  of a 
wing-pylon-high  bypass ratio  turbofan  engine  arrangement and a l i f t i n g  
f a n   a d j a c e n t   t o  a wing. Potent ia&  f low  analysis  was used.   Singular i ty  
models w e r e  developed  for a turbofan  engine,  a wing-pylon  combination, 
and a l i f t   f a n .  These  models w e r e  required  to   represent   the  performance 
o f   t he  component i n  a flow  perturbed  by  adjacent components and t o  have 
the   capabi l i ty   to   p red ic t   the   near   f low  f ie ld   per turba t ions   induced   by   the  
component.  For t h e  wing-pylon, a nonplanar,  vortex l a t t i c e ,  l i f t i n g  
su r face  method  was developed,  which  considers  the  pylon  as  an  integral  
p a r t   o f   t h e  wing for   purposes   o f   de te rmining   c i rcu la t ion   d i s t r ibu t ion  and 
loading.  For  the  turbofan  engine,   the  fan and core  engine wakes  and 
duc ts   a re  modeled b y   r i n g   v o r t e x   d i s t r i b u t i o n s   t o   r e p r e s e n t   t h e   t o t a l  
t h r u s t ,   t h r u s t   d i v i s i o n ,  and duct  flow  boundary  conditions. The l i f t -  
fan model r ep resen t s   t he   ve loc i ty   i nc remen t   i n   t he   f an  wake, and the 

curvature,   entrainment,  and blockage  of  the wake due t o  a crossflow.  For 
any  given  aircraft   configuration,  the  models  are combined i n  an i t e r a t i v e  
fash ion   to   ob ta in   the   per formance   of   each  component as  simultaneously 
a f f ec t ed   by   t he   i n t e r f e rence   o f   a l l   o the r  components. The i t e r a t i v e  
approach  permits   the  re la t ive  importance  of   the  var ious  interference 
v e l o c i t y  components t o  be readi ly   assessed .  

In   o rder  t o  eva lua te  the accuracy of t h e  methods,  predicted and 
measured r e s u l t s  w e r e  compared f o r  a wing alone,  a wing-pylon, a wing- 
pylon-engine  configuration  typical  of a conven t iona l   t r anspor t   a i r c ra f t ,  
and  two wing-l i f t ing j e t  configurat ions.  The wing-pylon model was found 
t o   g i v e  good accuracy  on  loadings and induced  veloci t ies .  The c ru i se  and lift- 
fan  engine  models, when combined with wing and wing-pylon  models,  predicted 
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the t r e n d s  shown by  data .  The available d a t a ,  however,  do  not  permit a . 
cr i t ical  eva lua t ion   of   the   accuracy   of  the methods.   Additional  analyti-  

c a l  work  on a curved wake model  and  experiments t o   o b t a i n   s p e c i f i c   d a t a  
a p p l i c a b l e   t o   i n t e r f e r e n c e   e f f e c t s   i n d u c e d   b y   c r u i s e  and l i f t - f an   eng ines  

are considered desirable. 

INTRODUCTION 

The presence  of  fan  engines on conventional and V/STOL t r anspor t -  
type   a i rc raf t   can   cause   s ign i f icant   aerodynamic   in te r fe rence   e f fec ts   wi th  

adjacent   a i r f rame  components ,   both  in   cruise  and i n   t r a n s i t i o n a l   f l i g h t .  
The i n t e r f e r e n c e   e f f e c t s   o c c u r   i n   t h e  form  of   force  dis t r ibut ions  which 
c a n   a l t e r   t h e   t o t a l   l i f t ,   p i t c h i n g  moments which may be undesirable ,  and 

l o c a l   h i g h   s u r f a c e   v e l o c i t i e s  which  lower t h e   c r i t i c a l  Mach number of   the  
a i r c r a f t .  The purpose   o f   th i s   inves t iga t ion  is  to   deve lop  methods  of 

p red ic t ing   t he   i n t e r f e rence   l oad ing   fo r  two  pod-mounted fan  engine 
arrangements: a c ru ise   engine  on a swept  pylon  under a wing and a lift 

f a n   a d j a c e n t   t o  a wing (for  example, a fo ldou t   f an ) .  

Much of   the  work tha t   has   been   publ i shed  on these  problems i s  experi-  
mental i n  nature.   This work has   inc luded   bas ic   inves t iga t ions  on  component 

i n t e r f e rence   l oad ings   ( r e f s .  1 and 2 )  and on o v e r a l l   f o r c e s  and moments on 
complete   configurat ions  ( ref .  3 ) .  An analys is   o f   the   f low  ad jacent   to   the  

pylon  of  the  Convair 990 was  made considering  the  problem  as a channel 
flow  bounded  by  the  wing-pylon, and engine   nace l le   ( re f .  4 ) .  N o  ana lys i s  

has  been  reported  considering a cruise-fan  engine,   pylon, and wing a s  a 
c o l l e c t i o n   o f   i n d i v i d u a l   i n t e r f e r i n g  components i n  an external   f low.  

Analy t ica l  work on l i f t   f ans   has   been   d i r ec t ed   p r inc ipa l ly   t oward   t he   f an -  
in-wing  problem  and much of t h i s  work is concerned  with  the  locat ion  of   the 

j e t  wake r a the r   t han   t he   i nduced   f l ow  f i e ld   a t   l oca t ions   co r re spond ing   t o  
adjacent  wings and t a i l s   ( r e f .  5) . 

The  work repor ted   here in  is a t h e o r e t i c a l   a n a l y s i s  of the  aerodynamic 
in te r fe rence   e f fec ts   assoc ia ted   wi th   the   coupl ing   of   fan   engines  i n  pods t o  
t ransport- type  a i r f rames.  The cruise-fan  engine  analysis  i s  based on e a r l i e r  
work done  on isolated  ducted  fan  performance  ( refs .  6 - 8 ) .  The l i f t - f a n  
ana lys i s  i s  based  on work done  by  Wooler ( r e f .  9 ) .  The nonp lana r   l i f t i ng -  

su r face  method is  an  extension  of some  work done  by  Margason a t  Langley 
Research  Center, NASA. The basic  approach i s  t o  deve loF   su i t ab le   ana ly t i ca l  
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models for   each   a i r f rame component a f fec ted   s ign i f icant ly   by   f low  in te r -  
ference.  These models  must be capable   o f   represent ing   the  component per- 
formance i n  a per turbed   f low  f ie ld  and of   p red ic t ing   the   d i s turbance   f low 
induced  by  the component. Flow models  have  been  developed  for a high-bypass- 
r a t io   t u rbo fan   eng ine ,  a pod-mounted l i f t   f a n   - ( i n c l u d i n g  i t s  curved  fan 

0 wake) , and a wing-pylon  combination. By proper  conhination  of  flow  models [ ' c  i n   an   i t e r a t ive   ca l cu la t ion ,   t he   pe r fo rmance  of various  airframe  corifigura- 
i{ t ions   w i th   i n t e r f e rence   can   be   ob ta ined .   In   t h i s   r epor t ,   t he  methods  of 

.. . 

ana lys i s  and resul ts   €or   the  comparison  of   the  methods  with  other   theory and 
da ta   a re   descr ibed .  The computer  programs  developed t o  perform  the  calcu- 
l a t i o n s   a r e   d e s c r i b e d   i n   d e t a i l   i n  NASA CR 114332 ( r e f .   3 2 ) .  

L I S T  O F  SYMBOLS 

b 

Be n 

B" 
en 

Be n 

Bf n 

B 2  n 

- 
B 

f n  

B PR 

wing  span 

Four ie r   se r ies   coef f ic ien ts   for   the   rad ia l   ve loc i ty   induced  
on the  core   engine  reference  cyl inder   by  the  vortex  cyl inder  
t r a i l i n g  from the  engine  duct  

Four ie r  series coe f f i c i en t s   fo r   t he   ax i a l   ve loc i ty   i nduced  
on the  core   engine  reference  cyl inder   by  the  vortex  cyl inder  
t r a i l i n g  from the  engine  duct 

Four ie r   se r ies   coef f ic ien ts   for   the   rad ia l   ve loc i ty   induced  
on the  core   engine  reference  cyl inder   by  the  vortex  cyl inder  
t r a i l i n g  from the  fan  duct  

Four ie r   se r ies   coef f ic ien ts   for   the   ax ia l   ve loc i ty   induced  on 
the  core   engine  reference  cyl inder  by the   vor tex   cy l inder  
t r a i l i n g  from the   fan   duc t  

Four ie r   se r ies   coef f ic ien ts   for   the   rad ia l   ve loc i ty   induced  
on the  fan  reference  cyl inder   by  the  vortex  cyl inder  
t ra i l ing   f ron   the   fan   duc t ,   eq .   (23)  

Four ie r   se r ies   coef f ic ien ts   for   the   ax ia l   ve loc i ty   induced  
on the   fan   re fe rence   cy l inder   by   the   vor tex   cy l inder  
t r a i l i n g  from the  fan  duct ,   eq.  ( 2 4 )  

Four ie r   se r ies   coef f ic ien ts   for   the   rad ia l   ve loc i ty   induced  
on the   fan   re fe rence   cy l inder  by  the  vortex  cyl inder  
t r a i l i n g  from the  core   engine duct,   eq.  ( 2 5 )  

Four ie r  series coe f f i c i en t s   fo r   t he   ax i a l   ve loc i ty   i nduced  
on the   fan   re fe rence   cy l inder   by   the   vor tex   cy l inder  
t r a i l i n g  from the  core  engine  duct,   eq.  ( 2 6 )  

b y p a s s   r a t i o  
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C l o c a l  wing or duc t   chord ,   f t .  

average  wing  chord,  Sref/b ‘ave 

C e n 

f n 

C 
en 

cf  n 

cL 

‘m 

C 
P 

C ’  
P 

d 

D 

Fe* n 

Fe n 

- 
Ff n 

Glaue r t   s e r i e s   coe f f i c i en t s   fo r  y, J eq. ( 3 3 )  
e 

Glaue r t   s e r i e s   coe f f i c i en t s   fo r  YafY eq.  (31) 

s ec t ion  l i f t  coe f f i c i en t ,   based  on  chord 

G l a u e r t   s e r i e s   c o e f f i c i e n t s   f o r  ~ D ~ J  eq. (14) 

Glaue r t   s e r i e s   coe f f i c i en t s   fo r  yDf 9 eq- (13) 

l i f t   c o e f f i c i e n t ,  based on Sref 

pitching-moment c o e f f i c i e n t ,  based on ‘ref and wing root 
chord 

pressure   coef f ic ien t   in   compress ib le   f low 

pressure  coeff ic ient   for   t ransformed  incompressible   f low 

l i f t   f a n  wake i n i t i a l  diameter 

duct  diameter 

Fourier  series c o e f f i c i e n t s   f o r   t h e  axial velocity  induced 
on the  core   engine  reference  cyl inder   by  the bound v o r t i c i t y  
on the   engine   duc t  

Four i e r   s e r i e s   coe f f i c i en t s   fo r   t he   r ad ia l   ve loc i ty   i nduced  
on the  core   engine  reference  cyl inder   by  the bound v o r t i c i t y  
on the   fan   duc t  

Four i e r   s e r i e s   coe f f i c i en t s   fo r   t he   ax i a l   ve loc i ty   i nduced  
on the   core   engine   re fe rence   cy l inder   by   the  bound v o r t i c i t y  
on the   fan   duc t  

Four i e r   s e r i e s   coe f f i c i en t s   fo r   t he   ax i a l   ve loc i ty   i nduced  
on the  fan  reference  cyl inder   by  the bound v o r t i c i t y  on 
the   fan   duc t  , eq. ( 2 1 )  

Four i e r   s e r i e s   coe f f i c i en t s   fo r   t he   r ad ia l   ve loc i ty   i nduced  
on the  fan  reference  cyl inder   by  the bound v o r t i c i t y  on 
the  core  engine  duct,  eq. ( 2 8 )  
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MP 

N 

cl 

r e 

r f  
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R*f n 
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Fourier  series c o e f f i c i e n t s   f o r  the ax ia l   ve loc i ty   induced  
on the  fan  reference  cyl inder   by  the bound v o r t i c i t y  on 
the  core   engine  duct ,   eq.  ( 2 7 )  

backwash ve loc i ty   i n f luence   coe f f i c i en t   fo r  a horseshoe 
vortex 

s idewash   ve loc i ty   in f luence   coef f ic ien t   for  a horseshoe 
vortex 

downwash v e l o c i t y   i n f l u e n c e   c o e f f i c i e n t   f o r  a horseshoe 
vortex 

Glauert   ser ies   coeff ic ients   for   cont inuous  chordwise bound 
v o r t i c i t y  on wing,  eq. (54)  o r  (60)  

pylon  angle  of  incidence,   degrees,   f ig.  1 

l i f t  

mass  flow  of a i r  

number of   cont ro l   po in ts  on a wing panel,  eq. (1) 

free-stream Mach number 

number of   cont ro l   po in ts  on  pylon,  eq. (1) 

t o t a l  number of  vortices  ( including  images) on the  semispan, 
wing, and pylon,  eq. (1) 

in f luence   coe f f i c i en t s   fo r   r ad ia l   ve loc i ty   i nduced  on a 
c y l i n d r i c a l   d u c t  by the  bound v o r t i c i t y  on t h a t   d u c t  

free-stream dynamic pressure ,  7 p, v2 

r ad ius  measured from duc t   cen te r l ine   t o   e f f ec t ive   camber l ine  
of  core  engine  duct,   eq.  (16)  

r ad ius  measured  from duct   cen ter l ine   to   e f fec t ive   camber l ine  
of  fan  duct,   eq.  ( 1 5 )  

l o c a l   r a d i u s   t o  a f i e l d   p o i n t ,  eq. (41) 

r a d i u s   o f   l i f t   f a n   d u c t  

Four i e r   s e r i e s   coe f f i c i en t s   o f   t he   co re   eng ine   duc t   e f f ec -  
t ive  camberl ine,   eq.  (16)  

Four i e r   s e r i e s   coe f f i c i en t s   o f   t he   f an   duc t   e f f ec t ive  
camberline,  eq. ( 1 5 )  

semiwidth  of  horseshoe  vortex  measured in   cho rda l   p l ane ;   o r  
d i s t ance   a long   j e t  wake c e n t e r l i n e  
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S 
P 

pylon s p a n  

planform  wing  area 'ref 

T t h r u s t  

U , V , W  p e r t u r b a t i o n   v e l o c i t i e s   i n  x, y ,  and z d i r e c t i o n s ,  
r e spec t ive ly  

ui,vi,wi p e r t u r b a t i o n   v e l o c i t i e s   i n  the x, y ,  and z d i r e c t i o n s ,  
respect ively,   induced on t h e  wing by   o ther   a i r f rame 
components 

U 
YD (e,e) 

and 1 duct-bound v o r t i c i t y ,  

and 1 bound v o r t i c i t y ,  

veloci t ies   induced  on  the  engine  duct   by  the  core   engine 

V 'De 

YD (e,  f )  

V 'De 

YD (e,e) 

U 

veloci t ies   induced  on  the  fan  duct   by  the  core   engine  duct-  

YD (e,  f ,  

U r, (f, e) 
ve loc i t ies   induced  on the engine  duct   by  the  fan duct-bound 

and v o r t i c i t y ,  
YDf 

U 
Y D ( f , f )  

and } v o r t i c i t y ,  
v e l o c i t i e s  induced  on t h e   f a n   d u c t   b y   t h e   f a n  duct-bound 

yDf 
V 

yD(fYf) 

U 
y ( e , e )  

and ] v o r t i c i t y ,  
veloci t ies   induced  on the core eng ine   duc t   by   t he   t r a i l i ng  

Ye 
V Y ( e , e )  

Y (e ,  f )  
U 

and v e l o c i t i e s  induced  on the f a n   d u c t   b y   t h e   t r a i l i n g   v o r t i c i t y ,  

Y e  
V Y (e ,  f )  

6 



f 

veloci t ies   induced  on the core  engine  duct  by the t r a i l i n g  
v o r t i c i t y ,  Yf 

U 

V 
Y, (e ,e )  

V 
Y, ( f ,  f )  

V 
Yp ( f ,  f )  

a 

a k 

"t 

veloc i t ies   induced  on the f a n   d u c t   b y   t h e   t r a i l i n g  
v o r t i c i t y ,  Yf 

t o t a l  Wing surface  veloci ty ,   eqs .   (61)  and (62) 

rad ia l   ve loc i ty   induced  on the  core   engine  duct   by  the 
bound  and t r a i l i n g   v o r t i c i t y   a s s o c i a t e d   w i t h  
eq.  (37) ?ae 9 

rad ia l   ve loc i ty   induced  on the   fan   duc t   by   the  
bound  and t r a i l i n g   v o r t i c i t y   a s s o c i a t e d   w i t h  
eq. ( 3 5 )  ?af , 

rad ia l   ve loc i ty   induced  on the  core   engine  duct  by t h e  
bound  and t r a i l i n g   v o r t i c i t y   a s s o c i a t e d   w i t h  
eq.  (38) %e, 

rad ia l   ve loc i ty   induced  on the   fan   duc t   by   the  
bound  and t r a i l i n g   v o r t i c i t y   a s s o c i a t e d   w i t h  
eq. ( 3 6 )  YBf , 

f ree-s t ream  veloci ty  

j e t  v e l o c i t y  

coord ina tes   a t   l ead ing   edge   of   duc t ,  x p o s i t i v e   a f t  

c o o r d i n a t e s   w i t h   o r i g i n   l o c a t e d   a t   t h e  midspan  of a horse- 
shoe  vortex and wi th  same d i r e c t i o n s   a s  X , Y , Z  coordinate  
system;  also,   coordinate  system  fixed  in l i f t   f a n   e x i t ,  
f i g .  8 

c o o r d i n a t e s   w i t h   o r i g i n   l o c a t e d   a t   t h e  wing root  chord  nose 
( f i g .  1). X ax i s   co inc iden t  w i t h  wing root   chord ,   pos i t ive  
i n  forward   d i rec t ion ,  Y a x i s   p o s i t i v e   i n   s t a r b o a r d   d i r e c -  
t i o n ,  Z a x i s   p o s i t i v e   i n  downward d i r e c t i o n  

angle   o f   a t tack   wi th   respec t  t o  f r e e  stream, degrees 

angle  between  tangent  to mean camber sur face  and X d i r e c t i o n ,  
degrees  

mean camber sur face   angle  w i t h  respect t o   t h e   f r e e   s t r e a m ,  
a + a l ,  degrees 
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YD 

* 
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lower 
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upper 

W 

compress ib i l i t y   f ac to r ,  4- ; or  angle  of  sidewash, 
degrees 

s t r e n g t h   o f   t r a i l i n g  w a k e  vor tex   cy l inder  

axially  symmetric component of  duct-bound  vorticity,  eqs. (13) 
and (14) 

duct-bound v o r t i c i t y  component  due t o   a n g l e   o f   a t t a c k  

duct-bound v o r t i c i t y  component  due to   angle   of   s idewash 

vo r t ex   s t r eng th  

def lec t ion   angle   o f   j e t -ex i t   cen ter l ine ,   degrees ,   f ig .  8 

nondimensional  wing  spanwise  coordinate, Y / ( b / 2 )  

t ransformed  axial   d is tance  a long  duct ,  x = ( c / 2 ) ( 1  - cos 0 ) ;  
or   loca l   angle   o f  j e t  c e n t e r l i n e ,   f i g .  8 

sweep angle  of quarter chord,  degrees 

coordinate  system  in l i f t   f a n  wake, f i g .  8 and eq. (43) 

f ree-s t ream  densi ty  

d ihedra l   o f   wing   or   hor izonta l   t a i l ;   o r   az imuth   angle  on t h e  
engine   ( f ig .  5) , degrees 

sweep angle  measured in   t he   p l ane   o f   t he  wing  panel,  degrees 

sweep angle  measured in   the   p lane   o f   the   wing   p lanform,  
degrees 

core  engine 

fan 

lower  wing  surface 

pylon 

t o t a l  

upper  wing  surface 

wing 

Subscr ip ts  
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X 

Y 

component i n  x d i r e c t i o n  

component i n  y d i r e c t i o n  

" H O D S  OF ANALYSIS 

Analy t ica l  methods a re   requi red   to   descr ibe   the   per formance   of  
each  of  the  major  airframe  components:  wing,  pylon,  cruise  engine, and 
lift fan.  These  methods  must  then  be  used  in  combination t o  p r e d i c t  
aerodynamic in t e r f e rence   fo r  a given  configuration. The  two basic 
approaches  avai lable   are  a s imul taneous   so lu t ion   for  the s i n g u l a r i t y  
s t rengths   o f  many components,  with  each  component i n t e r f e r i n g  on a l l  
o the r s ,  and an i te ra t ive   so lu t ion   us ing   in   sequence   ind iv idua l   f low 
models for   each component. A combination  of  these  approaches was 
employed.  The flow  models and t h e  method of their  combination t o  
p r e d i c t   i n t e r f e r e n c e   e f f e c t s   a r e   d e s c r i b e d   i n   t h i s   s e c t i o n .  

Wing-Pylon 

I n  most  aerodynamic interference  calculat ions,   the   boundary 
condi t ions  can  be  formulated  for   each component t o   i nc lude   i n t e r f e rence -  
induced  veloci t ies ,  so t h a t  one  can  develop  flow  models  for  the compo- 
nents   a lone and  combine  them p r o p e r l y   t o   o b t a i n   t h e   i n t e r f e r e n c e   s o l u t i o n .  
Such i s  not   the   case   wi th  a wing-pylon-engine  combination,  because  the 
pylon  alone i n  a s idewash   sus ta ins   in f in i te   ve loc i t ies   over   the  root 
and t ip   chords,   whereas   the  pylon  in   the  presence of t h e  wing  and 
engine  has  zero  sidewash  velocity  at   these  locations.   Because of t h e  
d i f f i c u l t y   i n   p r o v i d i n g   f o r   t h e   v e l o c i t y   s i n g u l a r i t i e s   i n   t h e  wing and 
engine  flow  models i f  each  were  considered  individually, the wing-pylon 
was considered  as a s i n g l e  problem, and a modif icat ion was made t o  
account   for   the  presence  of   the  engine  a t   the   pylon  t ip .  

Approach.-  For t h e  wing-pylon  combination, a l i f t i n g - s u r f a c e  method 
is  required  in   order   to   obtain  the  necessary  spanwise and chordwise 
d e t a i l   i n   l o a d i n g   d i s t r i b u t i o n .  T h e  method must be  capable   of  repre- 
sen t ing   the   load   d i s t r ibu t ion   induced  on the  pylon  by  the  spanwise  flow 
component under  the  wing,  pylon  incidence, and pylon camber. I n  
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add i t ion ,   t he  method  must be capable of pred ic t ing   ve loc i t ies   induced   by  
t h e  wing-pylon  load  dis t r ibut ion  in   the  vicini ty   of   the   wing,  so tha t  
in t e r f e rence  on adjacent  airframe  components  can be ca lcu la ted .  

The . two   bas i c   l i f t i ng - su r face   t echn iques   t ha t   a r e   ava i l ab le  employ 
e i ther   cont inuous   load   d i s t r ibu t ions ,   as  i n  t h e  methods of Multhopp 
( r e f .  1 0 )  and Wagner ( r e f .  ll), or   d i scon t inuous   l oad   d i s t r ibu t ions ,   a s  

i n   t h e   v o r t e x   l a t t i c e  method.  For a (planar)  wing-alone,  use  of  the 
cont inuous   d i s t r ibu t ion  method is  advantageous  because  the  strength  of 
the  leading-edge  s ingular i ty  is  determined and continuous  chordwise 

loading   func t ions   can   be   used   to   p red ic t   the   p ressure   d i s t r ibu t ion .  
However, for  nonplanar  configurations  or  for  cases  where  off-wing 

ve loc i t i e s   a r e   r equ i r ed ,   t he   vo r t ex   l a t t i ce   app roach  i s  be t te r   adapted .  
Consequently, a v o r t e x   l a t t i c e   a n a l y s i s  was developed t o   h a n d l e   t h e  

wing-pylon  case. 

Wing-pylon.- The conf igura t ion  of i n t e r e s t  i s  a wing wi th   ve r t i ca l  
pylons  under  each  panel. The wing may have  sweep, t ape r ,   d ihed ra l ,  
camber, and t w i s t .  For s impl i c i ty ,   t he   con f igu ra t ion  was l i m i t e d  t o  
one  pylon  per  wing  panel,   no  breaks  in  the  leading- and t ra i l ing-edge  
sweep angles ,  and no  break in  dihedral   €or  purposes  of  developing  the 

computer  program,  although the   ana lys i s  is pe r fec t ly   gene ra l .  The 
pylon is  c o n s i d e r e d   t o   l i e   i n  a v e r t i c a l   p l a n e   b u t  may have  incidence 

( toe- in   angle)  and camber. The pylon  leading and t r a i l i n g   e d g e s  may 
have sweep. 

The method of  approach  follows  that  developed  by  Margason and Lamar 
at   the   Langley  Research  Center ,  NASA.l The coordinate  system and vortex 
l a t t i c e  arrangement on t h e  wing and py lon   a r e   i l l u s t r a t ed  i n  f i gu res  1 and 

2 ,  r espec t ive ly .  The wing and pylon   a re   d iv ided   in to   a rea   e lements ,   in  
each of which i s  placed a horseshoe  vortex  with i t s  bound leg  a long 
the  element  quarter  chord and i t s  t r a i l i ng   l egs   a long   t he   s ides   o f   t he  
element. The t r a i l i n g   l e g s   a r e  assumed t o  l i e  i n  the   p lane  of t h e  
panel .   In   the  chordwise  direct ion,   the   area  e lements   have  equal  
dimensions, and t h e  same  number of  elements is  used  on  both  wing and 
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pylon.   In   the  spanwise  direct ion,   the   area  e lement   widths   need  not   be 
e q u a l   i n   o r d e r   t o   a l l o w   f o r   c l o s e r   s p a c i n g  where large  spanwise  loading 
g r a d i e n t s   e x i s t .  The area  elements on the  wing  are  arranged  spanwise 
S O  t h a t  a common boundary  between  two  adjacent  elements l i e s  along  the 
wing-pylon  junction. A s  a consequence ,   the   t ra i l ing   l egs   o f  two adja- 
cent   (spanwise)   vort ices  and the  upper   vortex on the   py lon   co inc ide   a t  
the  wing-pylon  intersect ion,   as  shown i n   f i g u r e  2 .  

The ve loc i ty   i nduced   a t  a point   by a vortex  f i lament  becomes 
s i n g u l a r   a s  the point  approaches the filament.  Consequently, some 
c a r e  must be taken   in   se lec t ing   the   spanwise   wid ths   o f   ad jacent   a rea  
elements and i n  comput ing   f low  f ie ld   ve loc i t ies   near   the  wing. The 
p r a c t i c e  was adopted  that   the   spanwise  widths   of  two adjacent   area 
e lements   no t   d i f fe r   by  more than  half   of   the   smaller   width and t h a t   t h e  
upper  element on the   py lon   has   the  same width  as   the two adjacent   e le -  
m e n t s  on t h e  wing. 

The boundary  condi t ion  expresses   the  f low  tangency  condi t ion  a t  
t h e  camber sur face  and i s  appl ied a t  a s e t  of cont ro l   po in ts   loca ted  
in   t he   cho rda l   p l ane   a t   t he   midpo in t s   o f   t he  3/4 chord  l ine  of  each 
area  element.  The chordal  plane  of  each  wing  panel i s  the  plane  con- 
ta in ing   the   roo t   chord  and making  an angle @ with   the  Z = 0 plane.  

The boundary   condi t ion   s ta tes   tha t   there  i s  no flow  through  the 
wing and pylon  surfaces   a t   each  control   point .  The condi t ion i s  i l l u s -  
t r a t e d  i n  f i g u r e  3. The v e l o c i t i e s  normal t o   t h e  wing cons i s t  of a 
component  of t he   f r ee   s t r eam,   pe r tu rba t ion   ve loc i t i e s   u i ,   v i ,  and w 
induced  by  airframe  components  adjacent t o   t h e  wing-pylon, and velo- 
c i t i e s   u ,  v, and w induced  by  the  wing-pylon  horseshoe  vortex  system. 
With M con t ro l   po in t s  on t h e   l e f t  wing panel and MP on the  pylon, 
the  boundary  condition on t h e   l e f t  wing  panel i s  given  by  the  equation on 
the  next  page. 

iy  
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With the  pylon  a t   smal l   angle   of   incidence i ,  the  pylon  boundary 
condi t ion i s  w r i t t e n   f o r  MP cont ro l   po in ts   as :  

u i  M 

[iv - v 
i , v  v + 

V 
i - Fv 

v Yn n= 1 

n=M+MP+i \ V Y l ’  

Jv=M+1,  ..., M+MP 

The lef t -hand  s ides  of equations (1) and ( 2 )  represent   the  f ree-s t ream 
component and the   ex te rna l ly   i nduced   ve loc i t i e s  normal t o   t h e   s u r f a c e .  

The f i r s t  term on the   r i gh t   r ep resen t s   t he   ve loc i t i e s   i nduced   by   t he  
wing v o r t i c i t y   f o r   b o t h   p a n e l s .  The second  term  represents  the  velo- 
c i t i e s  induced  by  the  pylon  vorticity  for  both  pylons.  The f i n a l  term 

on the   r i gh t   r ep resen t s   t he   ve loc i ty   con t r ibu t ions  from a pylon  t ip-  
vortex image system,  discussed  in   the  fol lowing  sect ion.  

The funct ions FU, Fv, and Fw a re   i n f luence   func t ions   r e l a t ing  
the   ve loc i ty  components  induced a t  some point   by a horseshoe   vor tex   to  
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i t s  c i r c u l a t i o n  and the   coord ina tes  of t h e   p o i n t   r e l a t i v e   t o   t h e   v o r t e x .  

The r e l a t i o n s h i p  i s  obtained from the  Biot-Savart  law. For example, 
t h e  wash v e l o c i t i e s   a t  a point  (x,y,z)  induced  by a horseshoe  vortex 

on the  wing a r e  

The d e t a i l s  of t h e   c a l c u l a t i o n  of these   func t ions   a r e   g iven   i n  Appendix A. 

Equations (1) and ( 2 )  represent  a s e t   o f  M+MP equa t ions   i n  which 

t h e  unknowns a r e   t h e  M+MP valu&s of r.2 Thus, t h e   c i r c u l a t i o n   v a l u e s  
can  be  obtained  through a ma t r ix   so lu t ion .   In   o rde r   t o   ob ta in  resul ts  
f o r  a given wing-pylon c o n f i g u r a t i o n   a t  a prescr ibed  angle  of a t t ack ,  

t h e  wing and pylon  angles at and i can be used   d i r ec t ly  i n  equa- 

t i o n s  (1) and ( 2 )  t o   o b t a i n   c i r c u l a t i o n   v a l u e s .  A s epa ra t e   ca l cu la t ion  
is then  necessary  for  each  value of a. A s  an al ternate   approach,  two 

sets of   resul ts   can  be  obtained:   one  including  c i rculat ions  not  depen- 

dent on cy. and one   wi th   on ly   c i rcu la t ions   p ropor t iona l   to  a. Addition 

of  these two sets o f   r e s u l t s ,   w i t h   t h e   l a t t e r   s c a l e d   t o   t h e   a p p r o p r i a t e  

a, t h e n   y i e l d   t h e   t o t a l  wing and py lon   c i r cu la t ions  a t  any angle  of 

a t tack .  The l a t t e r   app roach  was used and t h e  two cases c a l c u l a t e d   a r e  
i l l u s t r a t e d   i n   t h e   s k e t c h  below. 

I 
0 a 

2 It  will be shown subsequen t ly   t ha t   t he   va lues  of rn assoc ia ted   wi th  
t h e   t h i r d  term on t h e   r i g h t  (the pylon t i p  image system) a re   un ique ly  
r e l a t ed   t o   va lues   o f  r on the  pylon. Thus,  no add i t iona l  unknowns 
are   introduced  by  the t k r d  term. 
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The f irst  case  is the  zero  angle   solut ion,   which  contains  a l i f t  distri- 

b u t i o n   a t   z e r o  wing l i f t   ( n o t   d e p e n d e n t  on a) plus  a l i f t   d i s t r i b u t i o n  

p r o p o r t i o n a l   t o  a given  by  the  product  of the   l i f t - cu rve   s lope  and a.  
The  second  case,  which w i l l  be c a l l e d  the addi t iona l   loading   so lu t ion ,  
r ep resen t s   on ly   t he  l i f t  p ropor t iona l   t o   ang le  of a t t ack  and t h u s   y i e l d s  
the l i f t - cu rve   s lope .  

For   the  zero  angle   case,  the wing  angle  of  attack is  set e q u a l   t o  

ze ro  and t h e   c i r c u l a t i o n s   r e s u l t i n g  from t h e  wing t w i s t  and camber and 
the  presence  of   the  pylon  are   obtained.  If external ly   induced  velo-  

ci t ies (ui, v wi) a r e   p r e s e n t   a t   t h e  wing   cont ro l   po in ts ,   those  

va lues   cor responding   to   the   per formance   of   the   ex te rna l   in te r fe r ing  

component a t  ze ro  wing  angle  are  used.  Pylon  incidence and camber a r e  
t aken   i n to   accoun t   i n   t h i s   ca l cu la t ion .   Fo r   t he   add i t iona l   l oad ing  

c a l c u l a t i o n   t h e  wing is considered uncambered and untwisted,  and t h e  
pylon  incidence and camber a r e  set e q u a l   t o   z e r o .  The wing-pylon is  
p l a c e d   a t  some angle   o f   a t tack  and c i r cu la t ion   va lues   ob ta ined .  If 

externa l ly   induced   ve loc i t ies   a re   p resent ,   on ly   those   ve loc i t ies   p ro-  
p o r t i o n a l   t o  wing angle   o f   a t tack   a re   inc luded   in   the   addi t iona l  

l oad ing   ca l cu la t ion .   F ina l ly ,   t he   c i r cu la t ions   fo r   t he   ze ro   ang le  and 
add i t iona l   l oad ing   ca ses  may be added t o   o b t a i n   t h e   c o m p l e t e   c i r c u l a t i o n  

d i s t r i b u t i o n   f o r   t h e   a c t u a l  wing a t   a n g l e  of a t t a c k   i n  a uniform  or 

per turbed   f low  f ie ld .  

i' 

Once the   c i r cu la t ions   have   been   ca l cu la t ed ,   t he   l oad   d i s t r ibu t ion  
on t h e  wing and pylon  can  be  obtained. The fo rce   pe r   un i t   l eng th  on t h e  

vor tex   f i l ament  i s  obtained  as   the  product   of   densi ty ,  a ve loc i ty ,  and 

t h e   c i r c u l a t i o n   s t r e n g t h .  The l i f t  is  c a l c u l a t e d   a s   t h e  sum of two 

cont r ibu t ions :  l i f t  a c t i n g  on t h e  bound l e g  and l i f t  a c t i n g  on t h a t  
p a r t  of the   t r a i l i ng   l egs   w i th in   t he   p l an fo rm.   Fo r  a given  area  element,  

t h e  bound l e g  l i f t  is  ca l cu la t ed   u s ing   t he   ve loc i ty   a t   t he   midpo in t  of 
the  e lement   quarter   chord and the   l eng th  of t h e  bound leg.  The t r a i l i n g  

l e g   l i f t  is  ob ta ined   fo r   each   pane l   u s ing   t he   ne t   c i r cu la t ion   o f   t he  
co inc ident   l egs   a long   the  sides of   the  area  e lement  and the   ve loc i ty  

on t h e   t r a i l i n g   l e g   a t   t h e  3/4 chord  of  the  element. The r e s u l t i n g  

express ion   €or   the  element l i f t  i s  
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where AI' i s  t h e   n e t   c i r c u l a t i o n  of t h e   c o i n c i d e n t   t r a i l i n g   l e g s   a l o n g  

the   ou tboa rd   edge   o f   t he   a r ea   e l emen t .3   These   l i f t s   a t   t he i r   cen te r s  
O f  a c t ion   a r e  summed ove r   t he  wing t o   o b t a i n   o v e r a l l  lift and p i t ch ing  
moment. 

To accoun t   fo r   compress ib i l i t y   e f f ec t s ,  a vers ion   of   the   Prandt l -  

Glauer t  r u l e  i s  used. The flow is  t ransformed  into  an  equivalent ,  

incompress ib le   f low  accord ing   to   the   fo l lowing   re la t ions .  

X '  = x& , Y' = Y , Z '  = z (5) 

where t h e  primed quan t i t i e s   a r e   t he   t r ans fo rmed   va lues .  The transforma- 

t i o n  on t h e   v e l o c i t y   p o t e n t i a l  

y i e lds   t he   i ncompress ib l e  form o f   t h e   l i n e a r i z e d   d i f f e r e n t i a l   e q u a t i o n  

fo r   t he   ve loc i ty   po ten t i a l .   Accord ing ly ,   t he   pe r tu rba t ion   ve loc i t i e s  

a re   r e l a t ed   a s   fo l lows .  

U ' ( X ' , Y ' , Z ' )  = BU(X,Y,Z) 

S i n c e   t h e  v  and w ve loc i t ies   remain   unchanged  in   the   t ransformat ion ,  

t he   boundary   cond i t ion   r equ i r e s   t ha t   t he   ac tua l  and transformed  slopes 
of t h e  wing-pylon caniber surface  remain  the same a t   g iven   percent   chord  
s t a t i o n s ,  which a re   equ iva len t   po in t s   i n   t he   t r ans fo rma t ion .  

"Because of symmetry, t h e   n e t   s t r e n g t h   o f   t h e   c o i n c i d e n t   t r a i l i n g   l e g s  
a t   t h e   r o o t   c h o r d  i s  zero.  Thus, a l l   t r a i l i n g   l e g   l i f t  can  be 
accounted  for  by  computing  the l i f t  on the   l eg   a long   the   ou tboard  
edge  of each element. 
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A computer  program was w r i t t e n   t o   c a r r y   o u t   t h e  wing-pylon  load 

ca l cu la t ions .  The program  can accommodate  up t o  200 con t ro l   po in t s  

and horseshoe   vor t ices  on t h e  wing  semispan and pylon. The program is 
w r i t t e n   i n   F o r t r a n  I V  language and w a s  run on t h e  IBM 360-67 computer. 

Typica l   to ta l   running  time f o r  a 4 chordwise  by 20 spanwise l a t t i ce  
on the  semispan and  a 4 chordwise  by 2 spanwise l a t t i c e  on the  pylon 

is 3.7 minutes. 

Pylon t i p  load  correct ion.-  The  model of  the  wing-pylon  described 

in   the   p rev ious   sec t ion   does   no t   account   for   the   e f fec t   o f   the   tu rbofan  
engine on the  load  dis t r ibut ion  near   the  pylon  t ip .   Without   the  engine,  
t he   span   l oad   d i s t r ibu t ion  on the   py lon   drops   to   zero  a t  t h e   t i p  and a 

theo re t i ca l ly   i n f in i t e   s idewash   ve loc i ty   occu r s  around t h e   t i p .  With 
the   engine ,   there  is zero  sidewash a t  the pylon t i p  and a nonzero  pylon 

t i p   l o a d i n g   w i t h   l i f t   c a r r y o v e r   o n t o  the engine. 

An eng ine   s ingu la r i ty  model can  be  developed to   cance l   t he   f l ow 

induced  by  the  pylon  (and  wing)  through  the  engine  duct.  Such a  model 
i s  not   capable   o f   cance l l ing   the   in f in i te   s idewash   a t   the   py lon   t ip ,  

however.  Consequently, the   engine  model is  handled  in  two p a r t s .  The 
f irst  i s  a  model  which t r e a t s   t h e   i n f i n i t e   v e l o c i t y   a t   t h e   p y l o n   t i p .  

The approach,  described  below, is  tha t   o f   r e f e rences  1 2  and 13. The 
s e c o n d   p a r t   t r e a t s   t h e   f i n i t e   v e l o c i t i e s  and i s  desc r ibed   i n  a subse- 
quent  section. 

The  model f o r   t r e a t i n g  the i n f i n i t e   t i p   v e l o c i t i e s  is  i l l u s t r a t e d  

i n   f i g u r e  4. The engine is  represented   by   an   in f in i te   cy l inder   wi th in  

which i s  placed  an  image  vortex  for  each  horseshoe  vortex on the  pylon.  
The t r a i l i n g   l e g s   o f   t h e  image vo r t ex   a r e   p l aced   r ad ia l ly   w i th in   t he  

cy l inde r  a t  the   i nve r se   po in t s   co r re spond ing   t o   t he   r ad ia l   l oca t ion  of 

the py lon   vo r t ex   t r a i l i ng   l egs .  The  image vor tex   has   the  same s t r eng th  
as  i ts  associated  pylon  vortex.   In  this  manner,   the  boundary  condition 

on the  engine  duct  due  to  the  pylon-induced  f low i s  s a t i s f i e d   e x a c t l y  

i n   t h e   p l a n e  of the  pylon and is  sat isf ied  approximately  over   the 
remainder  of  the  engine.   Since  the  velocit ies  induced  by  the  pylon and 

image vo r t i ce s   a r e   i nc luded   i n   t hose  which are   cancel led  subsequent ly  by 

the   f an   eng ine   s ingu la r i ty  model  on the   f an   duc t ,   bo th   t he   i n f in i t e  and 

f i n i t e   p a r t s   o f  the v e l o c i t i e s  on the   engine   a re   p roper ly   t rea ted .  The 
image vor t ices   change   the   c i rcu la t ion   va lues  on the  pylon and thus   t he  

span   load   d i s t r ibu t ion  on the  pylon. 
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The e f f e c t   o f   t h i s  imaging  procedure  on  the  wing-pylon  analysis and 
computer  program is  indicated  by  the  presence of t h e   l a s t  summation t e r m  
i n   equa t ions  (1) and ( 2 ) .  Since the image vor tex   c i rcu la t ions   a re   equa l  
to   those   o f   the   assoc ia ted   py lon   vor tex ,  the t o t a l  number of  simultaneous 
e q u a t i o n s   t o  be solved  remains M+MP. Thus,  no add i t iona l   con t ro l   po in t s  
are   required  by the imaging p r inc ip l e .  

Wing Thickness-Induced  Velocities 

Per turba t ion   ve loc i t ies   a re   induced   in   the   v ic in i ty  of a wing  by 
i t s  th i ckness   d i s t r ibu t ion .  These v e l o c i t i e s   a r e   d i s t i n c t  from those 

induced  by  the  wing bound and t r a i l i n g   v o r t i c i t y  and, i n  a p o t e n t i a l  
f low  analysis ,  may be  superimposed on those   due   t o  wing v o r t i c i t y .  
Consideration  of  thickness-induced  velocit ies i s  necessary  in  applying 
t h e  boundary  conditions  on  the  pylon, and subsequently  on  the  engine. 

The method  employed i s  tha t   o f   re fe rence  14. The method makes 
use of simple sweep theory and the   assumpt ion   tha t   loca l ly  the flow 
a d j a c e n t   t o   t h e  wing  resembles  the  flow  over a swept,  untapered, 
i n f i n i t e   a s p e c t   r a t i o  wing.  Thus, t h e  method i s  appl icable  t o  regions 
n o t   c l o s e   t o   t h e  wing r o o t  o r  t i p .  The p o i n t   a t  which v e l o c i t i e s   a r e  
t o  be computed is  l o c a t e d   r e l a t i v e   t o  an a i r f o i l   s e c t i o n  normal t o   t h e  
l o c a l  sweep d i r ec t ion .  For points  forward  of  the  leading  edge,  the 
leading-edge sweep angle i s  used.  For  points  between the leading  edge 
and t r a i l i n g   e d g e ,  a l o c a l  sweep a n g l e   e q u a l   t o   t h e  sweep a n g l e   a t   t h e  
percent   chord  s ta t ion  of   the  point  i s  used. 

0 

For t h e  normal sec t ion ,  a backwash ve loc i ty  u and a  downwash n 
ve loc i ty  wn are  induced  by  thickness. I t  i s  necessary t o  f i t  a 
sou rce - s ink   d i s t r ibu t ion   t o   t he  normal s e c t i o n   t o  compute these  t w o  
ve loc i ty  components. I n   o r d e r   t o   r e l a t e   t h e s e   v e l o c i t i e s   t o   t h e   t h r e e -  
dimensional  wing,  the  backwash  velocity u i s  r e so lved   i n to  compo- 
nents   a long  the wing  sidewash and backwash d i r e c t i o n s ,  and t h e  downwash 
velocity  remains unchanged.  Thus, the  thickness-induced  perturbation 
v e l o c i t i e s  become 

n 
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u = u cos 7 )  n 

v = u s i n  7 )  n 

w = w  n 

S i n c e   t h e   a i r f o i l   s e c t i o n   f o r  a wing i s  usua l ly   spec i f i ed  i n  the  s t ream- 

w i s e  d i r e c t i o n ,  a r e l a t i o n s h i p  is  de r ived   i n   r e f e rence  14 between  pro- 

per t ies  of a normal  section and those  of  a streamwise  section.  Using 

t h i s   r e l a t i o n s h i p ,  un  and wn can be computed  from a source-sink 
representa t ion   of  a streamwise  section,  whlch was the  procedure  followed. 

For a case  where  the Mach number i s  not   zero,   the   wing i s  t r a n s -  

formed t o  an  equivalent  wing  in  incompressible  f low,  as  previously 

descr ibed.  The thickness- induced  veloci t ies   are  computed  on t h e  
transformed  wing,  which i n  accordance  with th'e Prandt l -Glauer t   t ransfor -  
mat ion,   has   the same f i n e n e s s   r a t i o   ( p a r a .  10.6 o f   r e f .  1 5 ) .  

Cruise  Engine 

The cru ise   engines  of i n t e r e s t   i n   t h e   i n t e r f e r e n c e   c a l c u l a t i o n s  

are  high-bypass-ratio  turbofan  engines  which  tend t o  resemble a high- 

pressure- ra t io ,   s ing le-s tage   fan   d r iven   by  a core  engine.  For  purposes 
of  examining  the  f low  interference  between  the  engine and airframe 

components,  the  engine model  must r ep resen t   t he   f an  and core  engine  ducts ,  
t h e   f a n  and core   engine   th rus t s ,  and t h e   r e s u l t i n g  wake.  The following 

model i s  based   on   the   theore t ica l  work on ducted  fans   presented  in  

re ference  8. 

Wake model.-  The core  engine and fan  wakes are   represented  by 

semi- inf ini te ,   concentr ic ,   constant-diameter   vortex  cyl inders   extending 
downstream coaxia l   wi th   the   engine   cen ter l ine   ( f ig .  5 ) .  The constant-  

diameter  assumption i s  c o n s i s t e n t   w i t h   t h e   r e s u l t s   o f   r e f e r e n c e  16 ,  

which i n d i c a t e  wake spreading  angles  of 2O t o  3 O  €or a t u r b u l e n t   j e t  

i n  a coflowing stream where t h e   j e t   v e l o c i t y  i s  50 percent   g rea te r   than  

t h e   f r e e  stream. This wake model assumes t h a t   t h e   f a n  and engine   th rus t  
a r e  produced  by  uniformly  loaded  actuator  disks  within  the  ducts. . Thus, 

the   per formance   of   the   engine   de te rmines   the   s t rengths   o f   the   t ra i l ing  
vor tex   cy l inders ,  yf and ye. The v e l o c i t y   p r o f i l e   i n   t h e   e n g i n e  wake 

e 
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i s  g iven   by   the   asymptot ic   ve loc i ty   d i s t r ibu t ion   ins ide  a vortex  cyl in-  
d e r  and is  shown i n   f i g u r e  5 .  The  wake v e l o c i t y   d i s t r i b u t i o n  i s  w r i t t e n  
as 

v = v  
j f  

v = v  
Je  

T h e r e f o r e ,   i f   t h e  wake v e l o c i t i e s  

+ Yf (9) 

+ Yf + Ye (10) 

V - and V j a  a r e  known , t h e  
IF 

s t r e n g t h s   o f   t h e   t r a i l i n g   v o r t e x   c y l i n d e r s ,  yf and ye, can be 

obtained from equat ions ( 9 )  and (10) . 
L 

The manner i n  which t h e  wake veloci t ies   are   determined  depends on 
the   engine   in format ion   tha t  i s  ava i lab le .  The  wake v e l o c i t i e s  may be 

known from  measurements. A l t e r n a t e l y ,   i f   t h e   t o t a l   e n g i n e   t h r u s t ,   t h e  
d i v i s i o n  of t h r u s t  between  the gan  and the   co re   eng ine ,   t he   t o t a l  mass 
f low  of   a i r ,  and the   bypass   r a t io   a r e  known, t h e  wake ve loc i t i e s   can  
be computed  from the  fol lowing  equat ions,   which  are   based on momentum 
considerat ions.  

T~ = mf (vjf - v)  

T~ = me (vje - v) 

where 

rn f = m (  t BPR + 1 

A t h i r d  method may be used if engine  performance tables a r e   a v a i l -  

able. For  example, i n   r e f e r e n c e  1 7 ,  performance  tables   for  an  advanced 
turbofan  engine  are   presented.   For  a s p e c i f i e d   f l i g h t  Mach  nurriber and 
a l t i t u d e ,   t h e   t a b l e s   i n c l u d e   b y p a s s   r a t i o ,  mass f l o w   r a t e   o f   a i r ,   t o t a l  
temperature and t o t a l   p r e s s u r e  i n  the  fan  exhaust ,  and to t a l   t empera tu re  
and to t a l   p re s su re   i n   t he   co re   eng ine   exhaus t   a s  a func t ion   o f   t o t a l  
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engine   th rus t .  Assuming t h a t   t h e   s t a t i c   p r e s s u r e   i n   t h e  wake i s  equal  

t o  the f ree-s t ream  s ta t ic   p ressure ,   the   in format ion   in   these  tables is 

adequate t o  compute t h e  unknown  wake v e l o c i t i e s  V j f  
and 'je. 

Turbofan  enqine  flow  model.- When t h e   t r a i l i n g   v o r t e x   c y l i n d e r  

s t r e n g t h s   a r e  known, the   bas ic   tu rbofan   engine  model can be determined. 
The flow model is  considered  in  two pa r t s :   t he   ax i a l   f l ow  po r t ion  
which  imposes  boundary  conditions  on  the  engine  ducts  due t o   t h e   a c t u a -  

t o r   d i s k  and wake,  and a crossflow  portion  which  imposes  duct  boundary 
condi t ions  due  to   angles  of a t t ack  and sidewash.  These  two por t ions   a r e  
combined  by superpos i t ion   s ince   bo th   p roper ly   sa t i s fy   the   boundary  

condi t ion.  

Axial   f low  solution: The axia l   f low model is  determined by 

sa t i s fy ing   the   boundary   condi t ions   o f   f low  tangency   a t   the  mean l i n e  of 
both   the   fan   duc t  and the  core  engine  duct.  The flow  tangency  condition 
on both   duc ts  i s  s a t i s f i e d   i n  a manner analogous t o   t h e  method used  for  
a s i n g l e   d u c t   i n   r e f e r e n c e  8. A bound v o r t i c i t y   o f   t h e  form 

i s  placed  on  the  fan  duct and a s i m i l a r  bound v o r t i c i t y  

'De 
5 

" 

V - ce c o t  - 'e + 1 ce s in   (nee )  
0 

2 
n=1 

i s  placed on the  core   engine  duct .  

The fan   duc t   has   an   e f fec t ive  camber d i s t r ibu t ion   g iven  by 

3 

- drf = 1 RI cos (ne,) 
dx f n= o n L 11 n= o 

2 0  



. 

and s i m i l a r l y  the core  engine  duct   has   an  effect ive carriber d i s t r i b u t i o n  
given  by 

3 

- = 1 R: cos  (ne,) dre 
dxe n= o n 

The e f f e c t i v e  camber i s  made up  of a geometric camber  and  an  induced 
camber, a s   d i s c u s s e d   i n   d e t a i l   i n   s e c t i o n  2 .3  of re ference  18. 

The two boundary  conditions  which  must be s a t i s f i e d   a r e   t h e   f l o w  
tangency  re la t ions on the   su r f ace   o f   t he   f an   duc t  and t h e  core engine 
duct .  

dr f 
vf = q ( U f  1 

The l e f t   s i d e s   o f   e q u a t i o n s  ( 1 7 )  and (18) r ep resen t  the sum of the 
axisymmetr ic   radial   veloci t ies   induced  by  the two wake vor tex   cy l inders  
and t h e  two duct-bound vor t ex   r i ng   d i s t r ibu t ions .  The corresponding 
a x i a l   v e l o c i t y  sums appear   on  the  r ight   s ides   of   both  equat ions.  These 
equat ions  are   solved on the   duc t   re fe rence   cy l inder ,  which i s  def ined  as  
a constant-diameter   cyl inder   passing  through  the  t ra i l ing  edge  of  the 

ac tua l   duc t  and having  the same chord-to-diameter r a t i o   a s  the a c t u a l  
duct.  Expanding  equations ( 1 7 )  and (18) i n t o   t h e i r  components r e s u l t s  
in   the  fol lowing.  From equa t ion   (17 ) ,   fo r  the fan   duc t  
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and, from equat ion (18) f o r  the engine  duct  

where  the  induced v v e l o c i t i e s   a r e  normal t o  the   duc t   r e f e rence   cy l in -  
d e r  and the induced u v e l o c i t i e s   a r e   i n  the f ree-s t rearc   d i rec t ion  on 

the re ference   cy l inder .  

The v e l o c i t i e s   i n   e q u a t i o n  (19)  induced  on the fan   re ference   cy l in-  
d e r  are descr ibed   as  follows. From equat ions  (15) and (16) of r e f e r -  
ence 8,  the veloci t ies   induced on the fan   duc t   by   the   fan   duc t  bound 

v o r t i c i t y   a r e  
?Df 

4Df r D ( f , f )  
U 

- 
C V f 0 0 

+ (k 4 - %) cos 2ef + cos 3ef 

- cf C 

+ (c f5  3) cos 4ef - - f 4  

10 cos 5ef 
I/ 
, 

5 

= 1 F* cos ne, 
f n  n=o 

and 

The P c o e f f i c i e n t s  are desc r ibed   i n  Appendix B. 
k, 1 
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The ve loc i t ies   induced  on the   f an   duc t   by   t he   vo r t ex   cy l inde r  yf 
t r a i l i n g  from the fan   duc t   a re   g iven   by   equat ion  (C-3) of   reference 6 

and equat ion (23) of   reference  19.  These ve loc i t i e s   a r e   exp res sed   i n  
nondimensional  form  by six-term Four i e r   cos ine   s e r i e s  as 

‘T; 5 

V y ( f , f )  - Yf Bf cos ne 
- 

f 
n= o n 

and 

5 

U y ( f , f )  - Yf B; cos ne 
- 

n f 
n= o 

These  equations  are  analogous  to  equations (8) and (9)  of  reference 8; 

t h a t  i s ,  t h e   c o e f f i c i e n t s  B and B* a r e  a funct ion  only  of   the 
fan  duct  chord-to-diameter  ratio.  

‘n fn  

The veloci t ies   induced on the   fan   duc t   by   the   vor tex   cy l inder  ye 

t r a i l i n g  from the  engine  duct   are   given  by  equat ions (13) and ( 2 0 )  of 
reference  19.   These  veloci t ies   are   expressed  in   nondimensional  form 
by a s imi la r   s ix- te rm  Four ie r   se r ies   as  

where,   as   before ,   the  B and 6* c o e f f i c i e n t s   a r e  a funct ion  only 

of  the  geometry  of  the  turbofan  engine.  

- 
f n  f n 

The v e l o c i t i e s  induced  on  the  fan  duct  by  the  vortex  r ing distri-  

bu t ion  bound t o   t h e   e n g i n e   d u c t  a re   func t ions   o f   the  unknown 

c o e f f i c i e n t s  C The a x i a l   v e l o c l t i e s   a r e  computed using  equat ion (A-9) 
of   reference 6 and then  expressed  as a six-term Four i e r   s e r i e s   a s   be fo re .  

y D e  

en- 

2 3  



Thus, 

I 

The rad ia l   ve loc i t ies   induced  by y D  a r e  computed i n  exac t ly   t he  same 

manner a s   t he   ax i a l   ve loc i t i e s   excep t   t ha t   equa t ion  (A-8) i n  t h e  above 

reference i s  replaced by equation  (27) on  page 307 of   reference 20.  

These v e l o c i t i e s   a r e   a l s o   e x p r e s s e d   i n  a F o u r i e r   s e r i e s   a s  

e 

The v e l o c i t i e s  i n  equation ( 2 0 )  induced on the   co re   eng ine   r e fe r -  
ence   cy l inder   a re   the  same as equations ( 2 1 )  through  (28)  with  the 

subscr ip ts  f and e interchanged  everywhere. 

Subs t i tu t ing   equat ions  (15 )  and ( 2 1 )  through  (28)  into  equation  (19) 
r e s u l t s  i n  the  following  equation which i s  analogous to   equat ion   (17)  

of reference 8. 

5 c  
cos  kef 

+ F* ?.. + y, E* ) C O S  nPf] ( 2 9 )  
f n  f n  

2 4  

. . . . . - . . . - . . . . 



A similar equat ion i s  obtained from equat ion ( 2 0 )  by interchanging 
subscripts f and e i n  the above equat ion,   wi th the fo l lowing   r e su l t .  

+ 2 ($ Ben + Fe - + % ien) cos ne 
n e 

n=o 

3 = c  
= R: cos m e e  [ (e Fz + Y e  B:n 

m=o  m n= o n 

Expanding both s ides   o f   equa t ion  ( 2 9 )  i n to   Four i e r   cos ine  series 
and equat ing   harmonics   on   bo th   s ides   resu l t s   in   s ix   l inear   a lgebra ic  
equat ions   in  terms o f   t h e   s i x  unknowns C . These  equations  are 
s i m i l a r   t o   e q u a t i o n s  (19) through ( 2 4 )  of   reference 8; however,  because 
of t h e  terms and FTn, t h e   c o e f f i c i e n t s   o f   t h e   p r e s e n t   l i n e a r  
equa t ions   a r e   imp l i c i t   f unc t ions  of t h e   s i x  unknowns, C The s i x  
equat ions  obtained from equat ion ( 3 0 )  a r e   l i n e a r   a l g e b r a i c   e q u a t i o n s   i n  
terms  of  the unknown c o e f f i c i e n t s  C and impl ic i t   func t ions   o f  the 
c o e f f i c i e n t s  C because  of  the  terms and Fen . Thus, t h e r e  
e x i s t s  a set  of  twelve  equations and twelve unknowns, C and C 

en. 

f n 
- 
Ffn 

en' 

en - 
Fen 

-* 
f n 

'n . ., Solut ion  of   the set  of   equat ions  by  an  i terat ive method y i e l d s   t h e  
duct-bound v o r t i c i t y  on bo th   t he   f an  and the   core   engine   duc ts .  

For the   case  w h e r e  t h e  Mach  nurriber i s  not   zero ,   the   Prandt l -  
Glauer t   compress ib i l i ty   t ransformat ion   d i scussed   in   connec t ion  w i t h  t h e  
wing model is employed (eqs.  ( 5 )  t o  ( 7 )  ) . Accordingly,   the  engine 
chord-to-diameter r a t i o  i s  inc reased   by   t he   f ac to r  p and t h e   d u c t  
camberline  slopes  remain the same a t  a given  percent   chord  s ta t ion.  

Angle  of a t t ack   so lu t ion :  A turbofan  engine mounted  on a pylon be- 
neath a swept  wing i s  subjected t o  nonuniform  induced downwash and s ide-  
wash f i e l d s .  For  example, t he   p red ic t ed   ve loc i ty   f i e ld   i nduced   by  the wing 
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a t   t he   ou tboa rd   eng ine   l oca t ion   fo r  a C-SA a i r c r a f t   a t  2.5O angle   of   a t tack 

is  shown i n   f i g u r e s  6 and 7. For th i s   case ,   the   angles   o f   a t tack   induced  
on the  fan  duct   vary  between 0.6O and 1 . 2 O ,  and those  on the  engine  duct  
vary  between Oo and 1.6O.  The angles  of  sidewash,  from  figure 7 ,  vary 
from 0.2O t o  0.7O on the   f an   duc t  and 0.5O t o  2O on the  engine  duct .  

For a configurat ion  such as t h i s ,   t h e   a n g l e s  and t h e i r   s p a t i a l   v a r i a t i o n  

a re   smal l  enough t h a t   t h e y  may be  averaged  axial ly  and c i r cumfe ren t i a l ly  
over   the   fan   duc t  and the  engine  duct.   This  approximation  allows  the 

I 

use o-' an   ex i s t ing   so lu t ion   fo r  a t h i n   c y l i n d r i c a l   d u c t   i n  a uniform 

crossf low  ( re f .  7 ) .  For  the  case  of  an  engine mounted nearer   the  wing,  
the  magnitude and variation  of  induced  crossflow would b e   l a r g e r  and 

the   averaging   process  would not   be as good an  approximation. 

The procedure  using  the  averaged  crossf low  veloci t ies  i s  t o   p l a c e  
a nonaxisymmetric  bound v o r t i c i t y   d i s t r i b u t i o n  on  each  duct t o   c a n c e l  
the   appropr ia te   c ross f low  through  the   duc t   re fe rence   cy l inder   ( f ig .   5 (c) ) .  
Assuming t h a t  af and B f  are  the  average  induced  angles  of upwash and 

s idewash  on  the  fan  duct ,   the  two  components  of  bound v o r t i c i t y  on t h e  

fan  reference  cyl inder   have  the  form 

and 

5 
.'6 
" 

V 
- s i n  6 s i n  @I c o t  Bf + 1 f 2 f -  f 
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S i m i l a r l y ,   t h e  two  components  of  bound v o r t i c i t y  on the   eng ine   duc t   a r e  
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The cfn and c coef f ic ien ts   a re   func t ions   on ly   o f   the   respec-  
en 

t ive  duct   chord-to-diameter   ra t ios  and a r e   t a b u l a t e d   i n  Table I of  
re ference  21. I n   a d d i t i o n   t o   t h e  bound v o r t i c i t y ,   t h e r e  is  a d i s t r i b u -  
t i o n   o f   f r e e   a x i a l   t r a i l i n g   v o r t e x   f i l a m e n t s   a s s o c i a t e d   w i t h   e a c h  bound 
r ing   caused   by   the   var ia t ion   o f   s t rength   a round  the  y, o r  yB r ings .  
Equations  (31)  through  (34) are used to   s a t i s fy   t he   fo l lowing   boundary  
condi t ions   on   the   fan  and engine  ducts.  On the   r e f e rence   cy l inde r  
r ep resen t ing   t he   f an   duc t  

V - V s i n  af cos r$ = 0 r, ( f J  f )  

and  on the   re fe rence   cy l inder   represent ing   the   engine   duc t  

V - V s i n  ae cos = 0 
Ya(eJe) 

(35) 

(36) 

(37) 

I t  i s  apparent from these  boundary  condi t ions  that   the   mutual   inter-  

fe rence  be tween t h e  bound Y, and yB v o r t i c i t y   o f   t h e  two ducts  i s  

not  considered.  Since  the  induced  crossflow is  smal l ,   the   s t rength   o f  
t h e  bound v o r t i c i t y  i s  small  and the  veloci t ies   induced  by  the bound 
v o r t i c i t i e s  on  each  other may be  neglected  as  a second-order   effect .  

The  above  theory  for   the  crossf low  solut ion i s  a p p l i e d   t o   t h e  
engine  t ransformed  according  to   the  Prandt l -Glauert   rule  i n  the  event  
a compress ib i l i ty   cor rec t ion  i s  required.  

Lift-Fgn 

The l i f t   f a n s   c o n s i d e r e d  i n  t h i s   i n v e s t i g a t i o n   a r e   f u s e l a g e -   o r  
pod-mounted u n i t s  which  tend to   i nduce  a coaxia l   f low  pas t   the   fan  
shroud  which mixes w i t h   t h e  wake. An example  of t h i s   t y p e   o f   f a n  is 
descr ibed i n  re ference  3. These a r e  low  chord-to-diameter  ratio  fans 
which  fold down o u t   o f   t h e   f u s e l a g e   t o   p r o v i d e   l i f t  and some t h r u s t  
during  take-off and t r a n s i t i o n   t o   c r u i s e   f l i g h t .  The pr inc ipa l   sources  
of   fan- induced  f low  interference  are   the  fan  inf low and  wake, s ince   t he  
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fan   duc t  and i t s  loading are small. The flow model  must include a 
r ep resen ta t ion   o f   t he   f an   ( ac tua to r   d i sk  and t r a i l i n g   v o r t i c i t y )  and 
t h e  wake entrainment,   blockage, and c u r v a t u r e   d u e   t o   t h e  wake exhausting 
i n t o  a crossflow. L i t t l e  t h e o r e t i c a l  work has  been  done  on  modeling 

wakes i n  a crossflow.  Consequently,  the  approach  taken  here i s  t o  use 
e m p i r i c a l   r e s u l t s   t o   d e f i n e   t h e   p a t h  of t h e  wake and superimpose  singu- 
l a r i t y   d i s t r i b u t i o n s  on a wake vor tex   cy l inder   to   account   for   en t ra inment  
and blockage. S i n c e  l i f t   f a n s   a r e  used  only a t  low speeds,  no consi-  

de ra t ion  of   compress ib i l i ty   e f fec ts  i s  necessary.  

L i f t - fan  model.- The purpose  of   the  fol lowing  analysis  i s  to   deve lop  

a model f o r  a l i f t   f a n  which w i l l  cor rec t ly   represent   the   induced   ve lo-  
c i t i e s  a t  a f i e l d   p o i n t  due to   t he   p re sence   o f  a j e t  exhaus t ing   i n to  

a crossflow. The l i f t   f a n  i s  t r e a t e d   i n  much t h e  same manner as t h e  
turbofan  engine. The l i f t   f a n  i s  replaced  with a uniformly  loaded 
ac tua tor   d i sk .  The known so lu t ion   fo r   an   ac tua to r   d i sk   w i th  no cross-  

flow i s  a s t r a i g h t   v o r t e x   c y l i n d e r   t r a i l i n g  from t h e   l i f t - f a n   d u c t .  

S ince   t he  wake i s  ben t   due   t o   t he   ac t ion   o f   t he   f r ee  stream, it i s  
assumed t h a t   t h e   s t r e n g t h   o f   t h e   t r a i l i n g   v o r t i c i t y   c a n  be determined 

a s   i f   t h e  wake w e r e  s t r a i g h t .   T h i s   v o r t i c i t y  i s  then  superimposed  on 
a curved  path. It  i s  assumed that   the   curved  vortex  cyl inder   remains 
a constant  diameter ove r   t he   l eng th   o f   t he  wake. 

The velocity  induced  by a curved  vortex  cylinder  can  be  developed 
from the  equat ions  for   the  veloci ty   induced  by a s ing le   vo r t ex   r i ng  

given i n  re ference  6. The incremental   veloci t ies   induced  by a s i n g l e  

e lement  o f   the   vor tex   cy l inder   a re  

I 

- I  

V .  2 ($ - 1) E 
- E -  .[( $7 + ($ + g2y2 (g + (: - 1)2 

(39) 

I 
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and V F  f 

where 

r = dq2 + < 2  
P 

and K and E a re   comple te   e l l ip t ic   in tegra ls   wi th   a rgument  

These   ve loc i t ies   a re   re fe renced   to   the  E,<,q coordinate  system  defined 
i n   f i g u r e  8. The coordinate   t ransformations  are  

4 = (xp - xs) s i n  8 + ( z  - z s ) c o s  8 P 

rl = -Yp (43) 

= (xp - xs)cos  e - (zp - z ) s i n  8 
S 

The ve loc i ty   t ransformat ions   to   the   x ,y ,z   coord ina te   sys tem  a re  

d(3) = d (q) s i n  8 + d ($)($") cos 8 (44) 
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The t o t a l   v e l o c i t y  induced  by  the  curved  vortex  cylinder i s  determined 
by   subs t i t u t ing   equa t ions  (39)  and (40) i n t o   ( 4 4 ) ,   ( 4 5 ) ,  and (46) and 

in tegra t ing   over   the   ex ten t   o f   the  wake. 

The ve loc i t ies   induced   by   the   l i f t - fan   duc t   a re   p ropor t iona l   to   the  

duct  chord  length (Appendix C of   re f .   6 ) .   Consequent ly ,   s ince   the   l i f t -  
fan  ducts   have  small   chord-to-diameter   ra t ios ,   the   duct- induced  effects  
are   small .  For th i s   r ea son ,   t he   e f f ec t   o f   t he   duc t  on the  induced  velo- 
c i t y   f i e l d  i s  neglected i n  the   p resent  work. 

A s  is  discussed i n  re ference  9,  a  model  of  a j e t   exhaus t ing   i n to  

a crossf low  should  include  effects   of   entrainment   of   the   f ree   s t ream 
and the  blockage  effect   of   the  wake. The ana lys i s  i n  the  above r e fe r -  

ence i s  spec i f i ca l ly   deve loped   fo r  a j e t  exhausting from the   cen te r  of 

a l i f t i n g   s u r f a c e  ( i .e. ,  a fan-in-wing),  whereas  the l i f t   f a n s  under 
considerat ion  here   have no surrounding  surfaces   to   inhibi t   coaxial   f low 

around  the  fan. However, for   the  purpose  of   the  present  work, it i s  

assumed t h a t   t h e  above  method w i l l  adequately model the  entrainment and 

b lockage   e f f ec t s   o f   t he   l i f t - f an  wake. 

The analysis   of   reference 9 assumes t h a t   t h e  j e t  deforms  from  a 
c i r c u l a r   c r o s s   s e c t i o n   a t   t h e   f a n   e x i t   i n t o  an e l l i p t i c a l   c r o s s   s e c t i o n  

as it progresses  downstream.  This  deformation i s  accomplished  by 

s t r e t c h i n g   t h e   a x i s  normal to   t he   f r ee   s t r eam.  When the   c ros s   s ec t ion  
becomes  a 4 : l  e l l i p s e ,   t h e  j e t  stops  deforming and r e t a i n s  a s imi l a r  

e l l i p t i c a l   c r o s s   s e c t i o n   w i t h   i n c r e a s i n g   d i s t a n c e  downstream.  This 
assumed d i s t r ibu t ion   o f  j e t  cross   sect ional   shape is  superposed on  a 

known path  of   the j e t  cen te r l ine .  

To de te rmine   t he   ve loc i ty   f i e ld   i nduced   by   t he   j e t ,   t he   j e t  i s  

r ep laced   by   ce r t a in   s ingu la r i ty   d i s t r ibu t ions .  A d i s t r i b u t i o n  of s i n k s  
i s  placed on t h e   j e t   c e n t e r l i n e   t o   r e p r e s e n t   t h e   e n t r a i n m e n t  of the  

free   s t ream. A doub le t   d i s t r ibu t ion  i s  used to   represent   the   b lockage  

e f f e c t   o f   t h e  je t .  I n  o r d e r   t o  compute the   double t   s t rength ,  it i s  

assumed tha t   t he   f l ow around t h e   e l l i p t i c a l   j e t   r e d u c e s   t o   t h e  flow 

p a s t  an equ iva len t   c i r cu la r   cy l inde r .  The induced  velocity  equations 

are   given i n  re ference  9. 

. 
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Jet path.- The jet  wake  model  is  placed on  a  jet  centerline  that 
is  assumed to be known  a priori. Most  investigations of the  path  taken 
by  a  jet  exhausting  into  a  crossflow  are  for  a  fan-in-wing  application 
in  which  the  jet  exits  from  a  hole  in  a  plate.  Although  the  jet  in  the 
present  problem  does  not  have  the  surrounding  plate,  the  jet  wake  loca- 
tions  are  probably  similar  for  the  two  cases.  Consequently,  it  is 
assumed  that  the  path of  the  jet  can be described  by  the  results  devel- 
oped  for  the  fan-in-wing  case. 

Several  different  methods  for  computing  the  path  of  the  centerline 
of  the  jet  are  available.  The  first,  developed  by  Wooler,  reference  22, 
is  based  on  a  jet  wake  issuing  perpendicular (6 = 90°) to  the  free 
stream. The  centerline  of  the  jet is  described  as 

j 

and  the  distance  along  the  path  is  given  as  follows. 

The local  angle of the  centerline  of  the  jet  can  be  written  as 

The second  method,  developed  by  Margason  (ref.  23),  is  applicable 
to a  jet  entering  the  crossflow  over  a  range  of  angles (6 # g o o ) .  

Such  a  case  would  occur  if  exit  louvers  were used to deflect  the  lift 
fan  exhaust  to  obtain a thrust  component.  The  centerline  is  described 
by  the  following  set  of  equations. 

j 
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These two 
f o r  a range  of 
T h i s   r e s u l t  i s  

methods f o r   j e t   c e n t e r l i n e  w e r e  compared f o r  b j  = goo 

not  unexpected,  since  there i s  c o n s i d e r a b l e   s c a t t e r   i n  

V/Vj r a t i o s ,  and considerable  disagreement was found. 

measured r e s u l t s  on which the   empi r i ca l   cen te r l ine   equa t ions  are based, 

as  shown i n   r e f e r e n c e  23.  For  purposes  of this inves t iga t ion ,  it w a s  
dec ided   tha t   Wooler ' s   resu l t s  on cen te r l ine   pa th  would be  used,   s ince 

Wooler also  developed  the  blockage and entrainment  models. 

Interference  Determinat ion 

The general  approach t o  t h e   c a l c u l a t i o n   o f   i n t e r f e r e n c e   e f f e c t s  
f o r  a g iven   a i r c ra f t   con f igu ra t ion  i s  t o  use   the  component flow  models 

i n  an i t e r a t i v e   f a s h i o n .   I n  order t o   e v a l u a t e  the methods and examine 
t h e   i n t e r f e r e n c e   e f f e c t s   i n   d e t a i l   f o r   p r a c t i c a l   c a s e s ,  two a i r c r a f t  

configurations  were  considered. The f i r s t  is  a convent iona l   t ranspor t  
a i r c r a f t   u s i n g  pylon-mounted,  high-bypass-ratio  turbofan  engines. The 

spec i f i c   con f igu ra t ion   fo r  which some d a t a   a r e   a v a i l a b l e  i s  t h e  wing- 

pylon-outboard  engine  of  the C-5A. The second  Configuration i s  a V/STOL 

t r a n s p o r t  employing l i f t   f a n s   f o r   v e r t i c a l  and t r a n s i t i o n a l   f l i g h t .  
Data a r e   a v a i l a b l e   f o r  a complete  configuration and f o r  a p a i r   o f  simu- 
l a t e d   f a n s  mounted a d j a c e n t   t o  a wing. The procedure   for   ca lcu la t ing   the  
i n t e r f e r e n c e   e f f e c t s   i n   t h e s e   c a s e s  is  described  below. 

Wing-pylon-engine.- The s o l u t i o n   f o r   t h e  wing-pylon i n  a uniform 

flow is  c a l c u l a t e d   i n i t i a l l y ,  and the  veloci t ies   induced  by  the wing- 

pylon   loading   d i s t r ibu t ion   a re  computed a t  a  number o f   p o i n t s   a t   t h e   f a n  
engine   loca t ion .  The f a n   e n g i n e   v o r t i c i t y   d i s t r i b u t i o n  i s  then   de t e r -  

mined f o r  an onset  flow made up  of the free-s t ream  veloci ty  and the 

wing-pylon  induced upwash and sidewash  velocit ies.   For  purposes  of 
determining  the  engine wake c h a r a c t e r i s t i c s ,   t h e   e n g i n e   t h r u s t  is  

assumed unaffected  by wing-pylon in t e r f e rence .  The fan  engine  induced 
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v e l o c i t i e s   a r e  computed a t  t h e  wing  and  pylon con t ro l   po in t s  and these 

values   are   used t o  recompute  the  wing-pylon  performance. This completes 
the f i r s t   i t e r a t i o n .  

Veloc i t ies   induced   a t   the   engine   loca t ion   by  the new wing-pylon 
load ing   a r e  computed  and  compared with the previously  calculated  velo-  
c i t i e s .   I f   t h e   d i f f e r e n c e s   a r e   s m a l l   o r   w i t h i n  some accep tab le   t o l e r -  
ance ,   the   so lu t ion  is  considered  converged.  Experience  has shown tha t  
€ o r   t h e   t y p i c a l  wing-pylon-engine  configuration  used on a conventional 
t r a n s p o r t   a i r c r a f t ,   t h e   i n t e r f e r e n c e   e f f e c t s  do not   change  s ignif icant ly  
i f  a second i t e r a t i o n  i s  c a r r i e d  o u t .  Consequently, a l l  of the r e s u l t s  
p r e s e n t e d   h e r e i n   a r e   t h o s e   o b t a i n e d   a f t e r   t h e   f i r s t   i t e r a t i o n .  With 
closely  coupled  engines  and  wings,   additional  i terations would be 
required.  

The f i n a l   s t e p   c o n s i s t s   o f  computing t o t a l   f o r c e s  and moments, 
l oad   d i s t r ibu t ions ,  and chordwise  pressure  dis t r ibut ions on the com- 
p l e t e   con f igu ra t ion .  

Wing-l i f t   fans . -   Interference  calculat ions  were  carr ied  out  on 
V/STOL configurat ions  consis t ing  of  a wing i n   t h e   p r e s e n c e   o f   l i f t  
fans .  The in te r fe rence   de te rmina t ion  was made i n  much t h e  same manner 
as  discussed  above. A s  b e f o r e ,   t h e   l i f t   f a n   t h r u s t  and €an wake a r e  
assumed t o  be  unaffected by in t e r f e rence  from o the r  components o f   t he  
conf igu ra t ion .   S ince   t he   l i f t   f an   duc t   causes  a neg l ig ib l e   i n t e r f e rence  
e f f e c t ,   t h e   v e l o c i t i e s  induced a t  t h e  wing cont ro l   po in ts   by  the l i f t  
fans  may b e  computed only  once.   Therefore,   the  solution €or the wing 
i n  a f ree   s t ream  per turbed by t h e   l i f t   f a n s  i s  ob ta ined   d i r ec t ly  
wi thout   i t e ra t ion .  

Pressure   Dis t r ibu t ion  

I t  is  desirable t o  compute  wing  and pylon   sur face   p ressures   in  
o r d e r   t o  examine the   i n f luence   o f   i n t e r f e rence  on the   de t a i l ed   l oad  
d i s t r i b u t i o n s  and t o   p r e d i c t   t h e   c r i t i c a l  Mach number. The a v a i l a b i l i t y  
of  chordwise  loading  information from the l i f t i n g   s u r f a c e  method permits 
the necessary  chordwise  pressure  dis t r ibut ions t o  be ca lcu la ted .  The 

wing or   py lon   sur face   p ressure   d i s t r ibu t ion  is  ob ta ined   by   f i r s t  pre- 

d i c t i n g  the bound v o r t i c i t y  and the r e su l t i ng   d i scon t inuous   ve loc i ty  
d i s t r i b u t i o n  on the   canher l ine ,   then   inc luding  the e f f e c t   o f   p r o f i l e  
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t h i c k n e s s   t o   o b t a i n   t h e   s u r f a c e   v e l o c i t y   d i s t r i b u t i o n ,  and f ina l ly   u s ing  

B e r n o u l l i ' s   l a w   t o   g e t   s u r f a c e   p r e s s u r e   c o e f f i c i e n t s .  The b a s i c  method 
i s  s i m i l a r   t o   t h a t   d e s c r i b e d  i n  re ference  7. For the  case  where  the 

p re s su re   coe f f i c i en t s   o f   i n t e re s t   a r e   t hose  on  a  wing influenced  by 
compress ib i l i t y ,   t he   su r f ace   p re s su re   coe f f i c i en t  is  computed on the  

transformed  wing. The f ina l   su r f ace   p re s su re   coe f f i c i en t  i s  obtained  by 
t ransformation from the  incompressible  value.  

Discontinuous  velocity.-  The discont inuous  veloci ty   across   the 
camberline i s  due to   the   chordwise   d i s t r ibu t ion   of  bound v o r t i c i t y  on 
t h e  wing. The chordwise   d i s t r ibu t ion   of   d i scre te   vor t ices   ob ta ined  from 
t h e   v o r t e x   l a t t i c e  method is  i l lustrated  in   the  sketch  below,   where  the 

vo r t i ce s   r ep resen t   t he  bound legs   o f   the   horseshoe   vor t ices  on each 

area  element.  

It  i s  n e c e s s a r y   f i r s t   t o   f i t  a continuous  chordwise bound v o r t i c i t y  
d i s t r i b u t i o n  (y)  to   the   d i scre te   vor tex   a r rangement   accord ing   to   the  

fo l lowing   re la t ion .  

Def in ing   t he   con t inuous   vo r t i c i ty   d i s t r ibu t ion   a s  a G laue r t   s e r i e s ,  

M 
Y = G~ c o t  2 + G~ s i n  ne v 2 

I 
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r e s u l t s  i n  t he   expres s ion   fo r   t he   f i r s t   s ec t ion   o f   t he   cho rd l ine ,  

b 
rl 

M 
- V =/ Po c o t  $ + Gn s i n  ne 

a n= 1 

where 

" X "  
C 
; (1 - cos e )  

Combining equations ( 5 5 )  and (56) , 

(55)  

which may be   in tegra ted   to   g ive  

+ [(eb - ea)  - cos (eb + e a ) s i n  (eb - ea)] 

I f   t h e  number of  chordwise  panels i n  t h e   v o r t e x   l a t t i c e  scheme i s  
N ,  then M i n  equation (58)  i s  equa l   t o  N - 1. Equation ( 5 5 )  can  be 
wr i t ten   for   each   pane l ,  s o  t h a t  a s e t   o f  N equa t ions   s imi la r   to  
equation (58)  i s  generated.   This   set   of  N l inear  simultaneous 
equations  then may be  solved  for   the unknown c o e f f i c i e n t s  G o , G ~ , . . . , G M .  

The above ana lys i s  assumed t h a t   t h e  bound l egs   a r e  unswept i n  t he  
v o r t e x   l a t t i c e  model def in ing   the  wing. I n  genera l ,   the  bound l egs   a r e  
swept  back a t  an angle   equal   to   the  quarter-chord sweep angle  of  the 
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appropriate wing area  element. The following  sketch  illustrates  the 
sweep of the  bound  vorticity. 

X 

For  the  nonzero  sweep  case,  the  discrete  bound  vortices  may be divided 
into  two  components, 

rx = rn COS qn 
n 

r = rn sin pn 
Yn 

(59)  

The  continuous  vorticity  distribution  can a l so  be considered  to have two 
components. 

M 

M 

t 

(g) = G cot - +  8 
YO Y n= 1 

2 c “Yn sin  ne 
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The s o l u t i o n   f o r   t h e  unknown c o e f f i c i e n t s  and G is  t h e  same as 

descr ibed  above  for   the unswept v o r t i c i t y .  
GXn Yn 

F ina l ly ,  from the   chordwise   vo r t i c i ty   d i s t r ibu t ions   g iven  by 

equat ion  (60) ,   the   discont inuous  veloci ty  on the  camberline  can  be 

expressed   as   the  two components f - ( ~ / 2 ) ~  and + ( ~ / 2 ) ~ .  

Su r face   ve loc i ty   d i s t r ibu t ion . -  The t o t a l   v e l o c i t y  on t h e  camber- 

l i n e  is  t h e  sum of  the  continuous and d iscont inuous   ve loc i t ies .  The 
con t inuous   ve loc i t i e s   a r e   t he   f r ee  stream and those  induced  by a l l   t h e  

s i n g u l a r i t y   d i s t r i b u t i o n s   i n   t h e   f l o w   f i e l d   e x c e p t   t h e  bound v o r t i c e s  

a t   t h e   s e c t i o n  of interest. Sources  of  continuous  induced  velocit ies 

can  include the wing, pylon,  pylon image,  and f an   eng ines .   In   o rde r   t o  
o b t a i n   v e l o c i t i e s  on the   su r f ace   o f   t he  wing, t he   camber l ine   ve loc i t i e s  

must be   modi f ied   to   account   for   th ickness   e f fec ts .  The method is  des- 

c r ibed  i n  re ference  24. 

The t o t a l  induced  velocity on t h e  wing su r face  i s  made up of both  

u and v  components.  Thus, for   the   upper   sur face ,  

and for   the   lower   sur face  

Uyower = [. - v i- (%)I2 X + 

where  the  u,  V, and  v in   equat ions  (61)  

[. " (:,I. Y 

[v - e)]= Y 

and (62)   are   the  cont inuous 
induced   ve loc i t ies   a l ready   cor rec ted   for   th ickness .  

For a wing-pylon  configuration,  the  f low  along  the  underside of t h e  
wing  must no t   on ly   acce le ra t e   due   t o  wing  thickness,  b u t  must a l s o  

acce le ra t e   due   t o   py lon   t h i ckness .   The re fo re ,   i n   ca ses  where the   py lon  
thickness-induced  velocity is t o  be inc luded   in  the p res su re   ca l cu la t ion ,  

it should  be  added to   equa t ion   (62 ) .  When cons ider ing   the  pressure 
c o e f f i c i e n t s  on the  pylon,   the   wing  thickness   induced  veloci t ies   should 
be  included  in   both  equat ions  (61)  and (62) where  equation  (61)  corres- 

ponds to   t he   ou tboa rd   s ide  of the  pylon.  
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Pressu re   coe f f i c i en t . -  The su r face   p re s su re   coe f f i c i en t  is obtained 

f rom  Bernoul l i ' s   equa t ion  

w h e r e  the v e l o c i t y  tern i s  obtained  from  equation (61) or ( 6 2 ) .  For 
t h e   c a s e  where a compress ib i l i ty   t ransformat ion  i s  requi red ,   the   p res -  

sure  c o e f f i c i e n t   a t   t h e   s u b s o n i c   f r e e - s t r e a m  Mach number M, is 
obtained  using  equation  (63) and the   Prandt l -Glauer t   re la t ion  

COMPARISONS WITH THEORY AND EXPERIMENT 

Comparisons w e r e  made between  the  methods  developed  in   this   invest i -  

g a t i o n  and o the r   t heo ry  and d a t a   i n   o r d e r   t o   e v a l u a t e   t h e   a c c u r a c y   o f  
t h e  methods.  The configurations  include  wing  alone,  wing-pylon, wing- 

pylon-cruise   engine,   wing-l i f t ing j e t ,  and wing-l i f t   engine  cases .  
This sec t ion   con ta ins  a summary and d i scuss ion   o f   t he   r e su l t s .  

Wing-Alone 

An i n i t i a l   v e r i f i c a t i o n   o f   t h e   v o r t e x   l a t t i c e  computer  program was 

made by  comparing i ts  r e s u l t s   w i t h   t h o s e  computed  by  Margason's  program 

(see footnote  1 on  page 1 0 ) .  The comparisons were made f o r  a swept 

wing of a s p e c t   r a t i o  4 wi th  camber, t w i s t ,  and a 6O dihedral   angle .  The 

c i r c u l a t i o n   v a l u e s   f o r   t h e  two ca l cu la t ions   were   i den t i ca l ,  and d i f f e r -  

e n c e s   i n   l o a d   d i s t r i b u t i o n s  and t o t a l  l i f t  were l e s s   t h a n  1 percent   of  

t he   l oads .  

Comparisons  were  then made with  various  wing and wing-body  combi- 
na t ions   fo r   wh ich   da t a   a r e   ava i l ab le .   Fo r   t he  wing-body combinations, 

t h e  wing  was  assumed to   ex tend   th rough  the   body,  and interference  between 

t h e  wing and body  was neglected.  The predic ted  l i f t  f o r   t h e  wing alone 

was  compared w i t h   t h e  measured l i f t .  

Calculat ions  with  var ious  la t t ice   arrangements   were made f o r   t h e  

mid-wing-body configuration  of  reference  14,   which  has an a s p e c t   r a t i o  4 
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wing with a 45' quarter-chord sweep angle  and ze ro  camber, twist, and 
d ihedra l ,  and  a c i r c u l a r  body  with a diameter-to-wing  span r a t i o   o f  0.15. 

The l i f t - c u r v e   s l o p e   r e s u l t s   a r e  shown below for   var ious  combinat ions  of  

chordwise  and  spanwise number o f   vo r t i ce s  on the  semispan. 

The differences  between  the  measured  value and the   p red ic t ed   va lues   a r e  

due i n   p a r t   t o  the body l i f t - cu rve   s lope  which i s  0.12 based  on  slender- 

body  theory.  Favorable wing-body i n t e r f e r e n c e  would a l so   account   for  

such   d i f fe rences .  The p r e d i c t e d   r e s u l t s   f o r   t h e  4x9 and 6x9 i n d i c a t e  

l i t t l e  ef fec t   o f   increas ing   the   chordwise  nuniber of v o r t i c e s  above 4 

f o r   t h i s  wing. There is a 1-percent   change  in   increasing  the  spanwise 

number o f   vo r t i ce s  from 9 t o  19.   For   the  higher   aspect   ra t io   wings 
inves t iga t ed ,  most  of t h e   c a l c u l a t i o n s  w e r e  ca r r i ed   ou t   u s ing  a 4 chord- 

wise by 20 spanwise  vortex l a t t i ce  on the  semispan. 

Wing-alone r e s u l t s   a r e   a v a i l a b l e  from  reference 25 f o r  45O swept, 

uncambered,  untwisted  wings  of  aspect  ratios 2,  4, and 6. The predic ted  

and measured   va lues   for   l i f t -curve   s lope   a re  shown i n   t h e  table below, 

based  on a 6x9 l a t t i c e  on t h e  semispan. 

C pe r   r ad ian  
La Aspect  Ratio 

I 

I I Predicted I Measured I 
2 

3.59 6 

3.36 3.25 4 

2.78 2.46 

3.78 
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A t  the   h igher   aspec t   ra t ios ,   the   p red ic ted   va lues   a re  3 t o  5 percent low, 
whereas f o r   a s p e c t   r a t i o  2, t he   p red ic t ion  i s  about 1 2  percent  low. 

I n  reference 1, the   l ong i tud ina l   cha rac t e r i s t i c s  of t h e  wing-body 

combination i n  the  absence  of   the  je ts  and e jec tor   sys tem  s t ruc ture   a re  
presented. The configurat ion  has  a cy l ind r i ca l  body  of f i n e n e s s   r a t i o  

10 with a shor t   fa i red   nose .  The wing  without  flap  has a rectangular  
planform  of  aspect  ratio 6 and an NACA 4415 a i r f o i l   s e c t i o n .  It  was 

f i t t e d   w i t h  a 6 chordwise  by 20  spanwise l a t t i c e  on t h e  semispan. The 

comparison  of  measured and p red ic t ed   r e su l t s  i s  shown i n  f igu re  9. The 
agreement  on l i f t  is  qu i t e  good. The moment agreement i s  good a t  low 
l i f t   c o e f f i c i e n t s ,   b u t   d i f f e r e n c e s   b e g i n   t o   o c c u r   a t   h i g h   l i f t   ( a n g l e  
of  at tack)  because  of  the l i f t  on the  body  nose,  which is  not  considered 
i n  the   p red ic t ion .  

These r e s u l t s   i n d i c a t e   t h a t   t h e   v o r t e x   l a t t i c e  program i s  capable 

of   predict ing wing l i f t   a c c u r a t e l y ,   p r o v i d i n g  a s u f f i c i e n t  number of 

vo r t i ce s   a r e  used t o   r e p r e s e n t   t h e  wing. 

To establ ish  the  accuracy  with which t h e   v o r t e x   l a t t i c e  method is  
capable of predicting  off-wing  velocit ies,   comparisons  were made with 
the   da t a  from reference  14.  The configurat ion i s  a  mid-wing-body 
described  previously.   Results  are shown in   f igure   10   for   s idewash  and 

downwash v e l o c i t i e s   a t  two dis tances   below  the wing  under the  mid-semispan 
s t a t i o n .  The da ta  were  corrected  for   thickness   effects   by  subtract ing 
from t h e   v e l o c i t i e s   a t  CL = 0.49 t h e   v e l o c i t i e s   a t  CL = 0. The 

predicted  values do not  include any body e f f e c t ,  which  should  be  small 
because   the   s ta t ion  is  well away from t h e  body and t h e  body is r e l a t i v e l y  

small compared t o   t h e  wing  span. A 6x9 l a t t i c e  on the  semispan was used. 

Figure  lO(a) shows the   va r i a t ion  of ve loc i t i e s   w i th   d i s t ance  from the  

leading   edge   a t  a l oca t ion  1/10 of  the  local  chord  below  the wing,  which 

Would correspond  approximately  to  the  1/3  span  station  of a t y p i c a l  
pylon  carrying an engine. The predicted  values  show a much sharper peak 
under  the  leading  edge  than i s  shown by the   da ta .  A ca lcu la t ion   us ing  

10 ra ther   than  6 chordwise  vortices showed very   s imi la r   resu l t s .  Thus, 
it is probable  that   the  high  predicted  value  of  the  peak is due t o   t h e  

high  values of vor t ic i ty   s t rength   near   the   l ead ing   edge ,  which  approach 
i n f i n i t y   a s   t h e  number of  chordwise  vortices i s  increased. A t  loca- 

t:ons other  than  under  the  leading  edge,  the wash v e l o c i t i e s   a r e  
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reasonably w e l l  predicted.  Figure 10(b) shows s i m i l a r   r e s u l t s   f o r  a 
locat ion 2/10 of  the  local  chord below the  wing,  which would be j u s t  
above a typ ica l  pylon-engine  junction, The wash v e l o c i t i e s   i n   t h i s  

case  are  w e l l  p red ic ted   for   a l l   ax ia l   loca t ions .  

These resu l t s   a re   charac te r i s t ic   o f   ca lcu la t ions   a l so  made a t   t h e  
quarter  and three-quarter  semispan  stations. They ind ica t e   t ha t   t he  

v o r t e x   l a t t i c e  method i s  capable  of  predicting  off-wing  velocity distri- 

butions  with good accuracy  except  for  the  region  immediately  below  the 
wing leading edge. 

Wing-Pylon 

N o  experimental data could be found for   span  or   chord  load  dis t r i -  
butions on a wing with  pylons  but  without  engines.  Consequently, a 
comparison was made w i t h  resu l t s   o f  ar, ana ly t ica l  method developed  by 
Blackwell (ref. 26). H i s  approach  consists  of  replacing  the wing and 
pylon  with a spanwise  distribution of rectangular  horseshoe  vortices  of 
uniform  width  with  the bound l e g  on the  sect ion  quarter   chord.  The 
comparison was made on t h e   c o n f i g u r a t i o n   i l l u s t r a t e d   i n   f i g u r e  11. The 
Blackwell  vortex  arrangement w a s  1 by 20 on t h e  wing semispan and 1 by 
4 on the   py lon .   In   t he   vo r t ex   l a t t i ce  approach, 4 by 20 on the  wing and 
4 by 4 on the  pylon w e r e  used.  Since  there is no engine a t  the pylon 
t i p ,   t he   vo r t ex  imaging scheme t o  simulate  the  nonzero t i p  loading i s  

not employed i n  t h i s   ca l cu la t ion .  

The resu l t s   for   addi t iona l   span   load   d i s t r ibu t ion  are shown i n  
f igure  11. A d iscont inui ty  i n  wing loading  occurs   across   the  mlon 
s ta t ion  because  of   the  interference  veloci t ies   induced  by  the  vortex 
system on the  pylon,  which is  i n  a wing-induced  sidewash. The t r a i l i n g  
legs   of   the   pylon  vort ices  (and the  bound l e g   f o r  a s w e p t  forward  pylon) 
induce on the  wing a ne t  upwash inboard  of  the  pylon and a n e t  downwash 
outboard  of the pylon,  which  produce the   d i scont inui ty  shown. The two 
methods g ive   essent ia l ly   ident ica l   resu l t s   for   span   load   coef f ic ien t  
except a t   t h e   s t a t i o n s  on e i t h e r  side of  the  pylon, Ivhere the  vortex 
l a t t i c e  method, because  of  the  chordwise  variation  of  vorticity,  gives 
s l igh t ly   h igher  upwash ve loc i t i e s  and thus   h ighe r   s ec t ion   l i f t   t han   t he  
Blackwell method. 
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Wing-wlon-Engine 

TO eva lua te   the   capabi l i ty   o f   the  methods to   p red ic t   t he   i n t e r f e r -  
ence  effects   associated w i t h  a wing-pylon-engine configuration,  the 

Wing-pylOn and turbofan  engine  flow  models w e r e  a p p l i e d   t o   t h e   C - 5 ~  
configuration, which is  the  only  configuration on which su i tab le   da ta  

could be found. The data ,  which are  unpublished,  were  taken a t   t h e  
Langley  Research Cen te r ,  NASA, on a 0.057-scale  semispan model and 
consis t   of   chordwise  pressure  dis t r ibut ions on the  wing and pylon  for 

various  angles  of  at tack and Mach numbers. The data   for   the  lowest  Mach 
number (0.7)  were  used f o r  comparison  with  the  theory i n  o rde r   t o  avoid 
sonic  flow  conditions on the  wing. The tes t  condition  selected was one 

i n  which only  the  outboard  engine and pylon w e r e  i n s t a l l e d  on the  wing. 
The model had a fuselage,  b u t  i ts  influence on the  f low  at   the  outboard 
engine  station  should be very small and was neglected. 

The wing of   the C-5A model has  an  aspect  ratio  of 7.75, a quarter-  
chord sweep angle  of 25O, a (washout) t w i s t  from r o o t   t o   t i p  of 3.5O, a 
negat ive  dihedral   angle   of  3.5O, and a root  chord  incidence  relative t o  
the fuselage  of 4.5O. The a i r fo i l   sec t ions   have  a rather  complicated 
thickness and camber d i s t r ibu t ion  which varies  over  the  span. The 
d i s t r i b u t i o n  was known only a t  two span  s ta t ions,  which causes  uncertainty 
in   t he   p red ic t ed   r e su l t s .  The pylon i s  swept  forward  about 75O and has 
a roo t  chord equal t o   t h e  wing chord, a span  of  about 0.15  of t he   l oca l  
wing chord and a toe-in  angle  of lo. The pylon  has no camber and i ts  
th ickness   d i s t r ibu t ion  was not known precisely.  The engine  consists of 
a single-stage  fan dri7;en by a turbine  using an external  cold  gas  supply, 
and is the  same as that   descr ibed  in   reference 2. Due t o  wing t w i s t  and 
pylon  design,  the  engine  has a negative 4.5O inc idence   r e l a t ive   t o   t he  
wing root  chord.   Chordwise  pressure  distributions  were  obtained  at   the 
inboard  pylon  station (?., = 0.365) , the  upper wing surface  a t   the   outboard 
pylon   s ta t ion  (r, = 0.568), on t h e  lower  wing  surface on e i t h e r   s i d e  of 
the  outboard  pylon, and on the  pylon  near  the  pylon-engine  junction. 

In   t he   p red ic t ion  work, the  wing-pylon was f i t t e d   w i t h  a 4 chord- 
wise by 20 spanwise  vortex  la t t ice  on the  semispan and a 4 chordwise by 
2 spanwise l a t t i c e  cn the  pylon. For the  engine, measured wake veio- 
c i t ies  were used to   ob ta in   the   s ingular i ty   d i s t r ibu t ion .  Because of the  
cold  gas   turbine  exhaust ,   the   central   par t  of the  engine wake had a 
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l ower   ve loc i ty   t han   f r ee  stream, The i n t e r f e r e n c e   c a l c u l a t i o n s  were 
ca r r i ed   t h rough   one   i t e r a t ion .  

The t h e o r e t i c a l   r e s u l t s   f o r  wing  span-load d i s t r i b u t i o n   f o r   z e r o  

wing  angle   of   a t tack and t h e   a d d i t i o n a l   l o a d i n g   a t  4.5O angle  of  at tack 

a r e  shovm i n   f i g u r e  12 .  Three  curves   are  shown t o   i l l u s t r a t e   t h e  

interference  effects   caused  by  the  pylon and engine  on  the  aerodynamic 

c h a r a c t e r i s t i c s   o f   t h e  wing. They are  denoted  wing-alone,  wing-pylon, 

and wing-pylon-engine.  For the   zero   angle   case ,   f igure  12(a) i n d i c a t e s  

f i r s t   t h a t   t h e   a d d i t i o n   o f   t h e   p y l o n   t o   t h e  wing  causes a small  discon- 

t i n u i t y   i q  w ing   l oad ing   o f   t he   oppos i t e   s ense   t o   t ha t  shown i n   f i g u r e  11. 
The r eason   fo r   t he   oppos i t e   s ense  is the  pylon  toe-in  angle,   which is 
s u f f i c i e n t   t o   r e v e r s e   t h e  sign of   the   loading  on the  pylon and t h u s   t h e  

pylon-induced  veloci t ies  on t h e  wing.  The add i t ion  of t h e   e n g i n e   t o   t h e  
pylon  causes  increased wing s e c t i o n   l i f t   c o e f f i c i e n t s   i n   t h e   r e g i o n   o f  

the  pylon.  The engine is a t   n e g a t i v e   i n c i d e n c e   r e l a t i v e   t o   t h e   l o c a l  

wing  sect ion,  which causes   the  engine wake and induced  flow to   appea r  

a s  an upwash over   the  wing. Since  the  engine  induces  an upwash t h a t  i s  
symmetrical   about  the  plane  of  the  pylon,  the  engine-induced  change  in 

s e c t i o n  l i f t  i s  t h e  same on both  s ides   of   the   pylon.  The one  addi t ional  

e f fec t   caused   by   the   engine  is an addi t ional   s idewash  veloci ty   induced 

on the   py lon   due   t o   t he  wing-induced  sidewash  accelerating  around  the 

f an  and core  engine  ducts .  The additional  sidewash on t h e   p y l o n   i n   t u r n  
inc reases   t he   d i f f e ren t i a l   w ing   l oad ing   ac ross   t he   py lon   s t a t ion ,   bu t  
t h i s   e f f e c t  is  quite smal l   for  a = 0. 

For   the   addi t iona l   loading   case  a t  a = 4.5 , f i g u r e  12(b) ,  t h e  0 

pylon-induced  loading on t h e  wing  causes  the same type   o f   d i scont inui ty  

i n   s e c t i o n  l i f t  ac ross   t he   py lon   s t a t ion   a s  is  e v i d e n t   i n   f i g u r e  11. 
The magnitude  of  the  pylon-induced  loadings is  about   the same a s   i n   t h e  

zero  angle   case.  Thus, it is e v i d e n t   t h a t   f o r  a given  configurat ion 

and a given  angle  of a t t a c k ,  a pylon  incidence  can be se l ec t ed   t o   e s sen -  
t i a l l y   e l i m i n a t e   t h e   d i s c o n t i n u i t y   i n   p y l o n - i n d u c e d  wing  loading  across 

the   py lon   s t a t ion .  The engine-induced  wing  loading is  due t o   t h e  

upwash  and sidewash  loadings  on  the  fan and core  engine  ducts,   which 
induce a downwash over the wing and an additional  sidewash on the  pylon,  
Ivhich i n   t u r n  is  r e f l e c t e d   i n   t h e   d i s c o n t i n u i t y   i n  wing loading  across  

the pylon   s ta t ion .  The la t te r  e f f e c t  is q u i t e  pronounced i n   t h e  
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addi t ional   loading  case,   as   can  be  noted  by  the  increase  in   wing  loading 

d iscont inui ty   in   go ing  from t h e  wing-pylon t o   t h e  wing-pylon-engine  case. 
A s  i n  the pylon  case, it i s  e v i d e n t   t h a t  an  engine  incidence  angle  can 
be   s e l ec t ed   fo r  a given  configurat ion and ang le   o f   a t t ack   t ha t  w i l l  
minimize t h e  engine-pylon-induced  interference  loading on t h e  wing. 
For t he  C-5A, an  angle of a t t a c k  of 4.5O co r re sponds   c lose ly   t o   t he  
c ru i se   cond i t ion ,  and it is apparent from f i g u r e  1 2  t h a t   t h e   n e t   i n t e r -  

f e rence   ( t he  sum of the loadings of f i g u r e s   1 2 ( a )  and (b) )  i s  quite small. 

A t  h ighe r   ang le s   o f   a t t ack ,   t he   i n t e r f e rence   e f f ec t s   a s soc ia t ed   w i th   t he  
addi t iona l   loading  would dominate and t h e   n e t   i n t e r f e r e n c e  would increase.  

A s  a mat ter   o f   in te res t   to   wind- tunnel   t es t ing   p rocedures ,   the  

e f f ec t   o f   t he   eng ine  wake p r o f i l e  on wing   in te r fe rence  w a s  examined. 

It w a s  no ted   p rev ious ly   t ha t   i n  the Langley  Research  Center  model tests 
o f   t he  C-5A, a turbine-dr iven  fan was used to   s imu la t e   t he   t u rbo fan  
engine.  This  fan  produces a wake somewhat a s  shown i n   t h e   c e n t e r  below. 

V 
J 

Conventional wake C-5A model f an  w a k e  Open duct  wake 

A convent ional   turbofan  engine  produces  the  kind of wake shown on t h e  

l e f t .  The r igh t -hand   ske tch   i l l u s t r a t e s   t he   k ind   o f  wake one would g e t  

w i t h  open  duct   tes t ing,   in   which no engine is  used.  Calculations  were 
made f o r   t h e  C-5A model conf igura t ion   wi th  a conventional wake producing 

t h e  same n e t   t h r u s t   a s   t h e  model engine and wi th  an  open duct  wake f o r  

zero  duct   drag (Vd = V ) .  The d i f fe rences   be tween  these  two c a l c u l a t i o n s  
and those  represented i n  f i g u r e  1 2  w e r e  so smal l   tha t   they   could   no t   be  

d i s t ingu i shed   i n   p lo t s   o f   t he   r e su l t s .  The reason   for  this r e s u l t  i s  
t h a t  wake-induced downwash v e l o c i t i e s  on t h e  wing are   the   o rder   o f  
5 percent   o f   the  downwash ve loc i t ies   induced   by   the   angle   o f   a t tack  
loading on t h e   f a n  and co re   eng ine   duc t s   a t  a = 4.5 . Thus, it 0 
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appears from t h e s e   r e s u l t s   t h a t   f o r  a C-5A-like configuration,  open  duct 
tes t ing   should  be s a t i s f a c t o r y   f o r   o b t a i n i n g  engine-pylon-wing i n t e r -  
f e rence   e f f ec t s ,   excep t   poss ib ly   fo r   l oad ings   ve ry   c lose   t o   t he   eng ine -  
py lon   junc t ion .   This   resu l t  is subs tan t ia ted   by   the  work r epor t ed   i n  
re ference  2. 

Comparisons  were made f o r   t h e  C-5A model configurat ion  between  the 
pred ic ted  and e x p e r i m e n t a l   s e c t i o n   l i f t   c o e f f i c i e n t s   a t   s p a n   s t a t i o n s  
corresponding  to   the  locat ion  of   the  ( removed)   inner   pylon and on t h e  
inboard and outboard  s ides   of   the   outer   pylon.  The experimental   sect ion 
l i f t   c o e f f i c i e n t s  w e r e  obtained  by  integrating  the  measured  pressure 
d i s t r i b u t i o n s   o v e r   t h e   c h o r d .   I n n e r   s t a t i o n   r e s u l t s   a r e  shown on 
f i g u r e   1 3 ( a ) .  To ind ica t e   t he   ex t en t   o f   p red ic t ed   i n t e r f e rence ,   cu rves  
a r e  shown for  the  wing-alone and  wing-pylon-engine  configurations. 
L i t t l e   i n t e r f e r e n c e  is  p r e d i c t e d   a t   t h i s   s t a t i o n  and the  agreement  with 
the   exper imenta l   resu l t s  i s  good. 

The r e s u l t s   f o r   t h e   o u t e r   p y l o n   s t a t i o n   a r e  shown i n   f i g u r e   1 3 ( b ) .  
I t  is  noted f i r s t   t h a t   t h e   i n b o a r d   s i d e   h a s  a h i g h e r   p r e d i c t e d   l i f t -  
curve  slope  than  the  outboard  side,  which i s  a pylon-induced  effect 
( f i g .  1 2 ( b ) )  and tha t   the   d i f fe rence   be tween  the  two s lopes is about 
equa l   t o   t he   s lope   d i f f e rence   i nd ica t ed   by  the data.   Secondly,   the 
predicted  s lopes,   inboard and outboard,  are  both  lower  than  the  wing 
alone  predicted  s lope  as  a r e s u l t  of the  engine-induced downwash 
( f i g .  1 2 ( b ) ) ,  and both  are  lower  than  the  measured  slopes.  These 
c h a r a c t e r i s t i c s   i n d i c a t e  an overpredic t ion   of   the   in te r fe rence   due   to  
sidewash and downwash over  the  engine.  

The magn i tudes   o f   t he   p red ic t ed   s ec t ion   l i f t   coe f f i c i en t s   ag ree  
reasonably   wel l   wi th   da ta   a t  a = 2.5  and 4.5O. A t  8.5O, the   exper i -  
menta l   p ressure   d i s t r ibu t ions   ind ica te   an   ex tens ive   reg ion  of supersonic 
flow on t h e  wing  upper  surface.  Consequently,  the  theory would not  
necessar i ly   be   expec ted   to   agree   wi th   da ta   for   th i s   angle   o f   a t tack .  

0 

The predicted and exper imenta l   p ressure   d i s t r ibu t ions   on   the  wing 
and lower  pylon a t  a = 2 . 5  and M = 0.7 a r e  shown i n   f i g u r e s   1 4 ,  
15,  and 16.   For   the  inner   pylon  s ta t ion,   f igure  14,   the   data   indicate  
a re la t ively  uniform  load  dis t r ibut ion  over   the  chord,   whereas   the 
pred ic ted   va lues   ind ica te   the   forward   por t ion   o f   the   a i r fo i l   ca r ry ing  
most  of t h e   l i f t ,  even   though  bo th   d i s t r ibu t ions   y ie ld   essent ia l ly   the  

0 
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same s e c t i o n   l i f t .   S i n c e   t h e r e  is no   py lon-engine   in te r fe rence   a t   th i s  

wing s t a t i o n ,   t h e   d i f f e r e n c e s   i n   c h o r d   l o a d   d i s t r i b u t i o n   i n   f i g u r e   1 4  
could be due to  camberline  shape,  which was obta ined   by   in te rpola t ion  

from t h e  two known wing  sect ions.  The reason  for   the  unusual   shape  of  

t h e  measured p r e s s u r e   d i s t r i b u t i o n  on the  upper  leading  edge i s  not 
known, b u t  it i s  poss ib l e   t ha t   t he   d i s tu rbance   caus ing   t he   e f f ec t  shown 
could  have some in f luence   fu r the r  downstream  on the  upper   surface.  

The wing  pressure  dis t r ibut ions  inboard and outboard  of  the  outer 

pylon  are shown i n   f i g u r e s   1 5 ( a )  and ( b ) ,  r e spec t ive ly .  The same t rend  
i s  noted   here   wi th   regard   to   the   chordwise   load   d i s t r ibu t ion  and t h e  

measured  pressures  around  the  leading  edge. The i n t e r f e r e n c e   e f f e c t s  

a t   t h e   l e a d i n g   e d g e ,   p a r t i c u l a r l y  on the   l ower   i nboa rd   s ide   ( f ig .   15 (a ) ) ,  
a r e   no t   we l l   p red ic t ed .  However, the  magnitudes  of  the  peak  negative 

pressure   coef f ic ien ts   on   the   upper   sur face   a re  w e l l  p red ic ted .  

The py lon   p re s su re   d i s t r ibu t ion   j u s t  above the  pylon-engine  junction 

i s  shown i n   f i g u r e   1 6 .  The theory i s  shown a s  a s i n g l e   s o l i d   l i n e ,  

s i n c e   t h e r e  i s  e s s e n t i a l l y  no loading   or   d i scont inuous   ve loc i ty   p red ic ted  
for   the   py lon .  The r e su l t i ng   cu rve  i s  p r inc ipa l ly   due   t o   t h i ckness .  The 
d a t a   a l s o  show a very  small   loading on the   py lon   bu t   do   no t   exhib i t   the  
flow  acceleration  around  the  leading  edge  predicted  by  the  theory.   This 

d i f f e rence  i s  due p r i n c i p a l l y   t o   t h e  end p l a t e   e f f e c t   o f   t h e   e n g i n e  on 
the  highly  swept  pylon,  which  violates  the  assumption i n  t h e  method of 

r e fe rence   14   t ha t   t he   s ec t ion   o f  in te res t  not  be n e a r   t h e   r o o t   o r   t i p  
of  the  wing. If the  engine  fan  duct  i s  c o n s i d e r e d   t o   a c t   a s  a r e f l e c -  

t ion   p lane ,   the   f low  over   the   ad jacent   py lon   sec t ion  would resemble  that  
a t   t h e   r o o t   c h o r d   o f  a highly  swept  wing. The resu l t s   o f   paragraph  A.9 

of   reference 27 i n d i c a t e   t h a t   t h e   i n f i n i t e   a s p e c t   r a t i o   p r e s s u r e   d i s t r i -  
bu t ion  due t o   t h i c k n e s s  i s  essent ia l ly   reached  a spanwise  dis tance  of  

one-half  chord  from  the  root  chord  of a swept  wing. A t  the   roo t   chord ,  
however, t h e   p r e s s u r e   c o e f f i c i e n t s   a r e  more posi t ive  over   the  forward 
half   of   the   chord and  more negat ive  over   the  rear   half   of   the   chord  than 

t h e   i n f i n i t e   a s p e c t   r a t i o   c a s e .  A co r rec t ion   o f   t h i s   t ype  would  improve 
the   agreement   over   the   en t i re   chord   in   f igure   16 .  

The d a t a  i n  f i g u r e   1 6   f o r   s t a t i o n s   a f t   o f   t h e  35-PerCent  chord 

i n d i c a t e  a sudden  drop in   s t a t i c   p re s su re ,   fo l lowed   by  a Slow r i s e .  
The t r a i l i n g  edge  of  the  fan  duct  occurs a t  the  33-Percent  chord  station. 
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The dashed  curve  in   f igure  16 was obtained  by  adding  the  fan wake velo- 
c i t y   t o  the v e l o c i t i e s   a s s o c i a t e d  w i t h  the s o l i d   l i n e  and us ing   t he  sum 

t o  compute p r e s s u r e   c o e f f i c i e n t s ,  on the assumption  that  the f a n  wake 
expands t o   a f f e c t   t h e   f l o w   a t   t h e  row of   pressure  taps .  It i s  apparent 
that  some f low  e f f ec t   such   a s  th i s  does  occur and i s  r e spons ib l e   fo r  
the sudden  drop i n   p r e s s u r e   c o e f f i c i e n t   n e a r  midchord. 

Wing-Lifting Jet 

The work r epor t ed   i n   r e f e rence  1 rep resen t s   t he   on ly   da t a   t ha t  
could be found on  a r e l a t ive ly   s imp le   conf igu ra t ion   fo r   t he   i n t e r f e rence  
on a wing  due t o  an adjacent   l i f t ing  je t .   Consequent ly ,   comparisons 
were made w i t h   t h i s   d a t a   t o   e v a l u a t e   t h e   j e t  wake model descr ibed 
e a r l i e r .   I n   t h e   t e s t s   d e s c r i b e d   i n   t h i s   r e f e r e n c e ,  a p a i r  of j e t  
nozzles  were mounted adjacent   to   but   independent  of a simple wing- 
body  model. The nozz les   p roduced   a i r je t s   d i rec ted   ver t ica l ly  down- 
wards. The wing  had a rectangular  planform  with an a s p e c t   r a t i o   o f  6. 

The flap-off  data  were  used. A i r  was blown o u t   t h e  j e t  n o z z l e s   a t  
v a r i o u s   v e l o c i t y   r a t i o s  ( V / V . )  and t h e   i n t e r f e r e n c e   c h a r a c t e r i s t i c s   o f  
t h e  wing  and  body  were  measured. The measurements  include t o t a l   f o r c e  
and moment d a t a  and wing p r e s s u r e   d i s t r i b u t i o n s  measured a t  one  semi- 
s p a n   s t a t i o n   i n   l i n e   w i t h   t h e   c e n t e r l i n e   o f  one j e t .  The pressure  
d i s t r i b u t i o n   d a t a   i n d i c a t e   c o n s i d e r a b l e   i n t e r f e r e n c e  on t h e  wing  due 
t o   t h e   n o z z l e   s u p p o r t   s t r u c t u r e ,   p a r t i c u l a r l y   f o r   c a s e s  where the   nozz les  
were  placed  upstream  of  the  wing. 

3 

In   t he   p red ic t ions   o f   j e t   i n t e r f e rence ,  a 6x20 v o r t e x   l a t t i c e  

system was used  on t h e  wing  semispan. The inf luence   o f   the  body  on 
wing  loading i s  small  and  was neglec ted .   In   f igure  1 7 ,  t h e   e f f e c t  of 

j e t  p o s i t i o n  and j e t  v e l o c i t y  on incremental l i f t  and p i t c h i n g  moment 
c o e f f i c i e n t s   f o r   z e r o  wing angle   o f   a t tack  i s  shown. For l i f t   c o e f f i -  
c i e n t ,   t h e   t r e n d  shown by   t he   da t a  is  c o r r e c t l y   p r e d i c t e d ,  and t h e  
agreement i s  reasonably good. The pitching-moment coe f f i c i en t s   abou t  
the   quar te r   chord   a re   smal l  and show l i t t l e   i n t e r f e r e n c e   e f f e c t s .  The 

agreement  between  experiment and theory i s  again  reasonably good. 

The span   load   d i s t r ibu t ions   wi th  and without  j e t  i n t e r f e rence   a r e  
shown i n   f i g u r e   1 8   f o r   t h e  t w o  j e t  l oca t ions .  Four v e l o c i t y   r a t i o s   a r e  
shown, ranging from V/V = 0.068 t o  an i n f i n i t e  V/Vj , which i s  t h e  
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je t -off   case.  The j e t ,  which i s  located  one  diameter  forward  of  the 
leading  edge,  causes a downwash over  the  wing,  which creates a l a r g e  
spanwise  region  of  negative  loading. The h igh  j e t  p o s i t i o n   ( f i g .  1 8 ( a ) )  

causes a la rger   nega t ive   loading   than   the  low j e t  pos i t i on   ( f ig .  18 (b ) ) .  

Also noted  on  these two f igu res   a r e   t he   s ec t ion   l i f t   va lues   ob ta ined   by  
i n t e g r a t i n g   t h e   p r e s s u r e   d i s t r i b u t i o n  on t h e  wing  downstream  of  the j e t .  

The in t e r f e rence  from the  nozzles  and nozzle  support  system,  which i s  

a maximum d i r e c t l y  downstream  of the   nozz les   where   the   p ressure   d i s t r i -  
bu t ions  w e r e  obtained, i s  shown by   the   va lues   for  V/Vj = m. This 

in t e r f e rence  is  g rea t e r   fo r   t he   h igh  j e t  c a s e   ( f i g .   1 8 ( a ) )   t h a n   f o r   t h e  
low j e t  case   ( f ig .  18 (b) ) . Consequently,   the good agreement f o r   t h e  

lower V/Vj va lues   fo r   t he   h igh  j e t  pos i t i on ,  shown i n   f i g u r e   1 8 ( a ) ,  
is  probably  for tui tous.   Because  of   the  nozzle   interference,  it i s  

d i f f i c u l t   t o  draw  any conclusions from these   da ta .  

Pressure  dis t r ibut ion  comparisons on t h e  wing a re   p re sen ted   i n  

f igures   19  and 20. I n   f i g u r e  19, t h e   p r e d i c t e d   p r e s s u r e   d i s t r i b u t i o n  
a t   t h e  25-percent  semispan  station i s  compared with some unpublished 
NASA Langley  Research  Center  data  on  the  wing  of  reference 1 with no 

j e t  o r   j e t   a p p a r a t u s   i n t e r f e r e n c e .  The agreement is good over   the  
e n t i r e  chord   o f   the   a i r fo i l .  The p res su re   d i s t r ibu t ion   f r am  r e fe rence  2 8  

on a two-dimensional a i r f o i l   h a v i n g   t h e  same sec t ion  i s  shown on t h e  
same figure  for  comparison  purposes. It  is  ev iden t   t ha t   t he   p re s su re  
d i s t r i b u t i o n   p r e d i c t i o n  methods  described  in a previous  sect ion  give 

good agreement  with  experiment. 

Measured p res su re   d i s t r ibu t ions  from reference  1 a re  shown i n  

f igu re  20  f o r  two j e t  pos i t i ons  ahead  of  the  wing,  one  above and one 
below  the  chord  l ine.  The sol id   curves  on t h e s e   f i g u r e s   a r e   t h e  
pred ic ted   p ressure   d i s t r ibu t ions  computed using  the  wing  loading and 
the   en t i r e   j e t - induced   ve loc i ty   f i e ld  on t h e  wing  surface. The agree- 

ment i s  f a i r   f o r   t h e  low pos i t ion   ( f ig .   20(a) ) ,   which   had  the smal les t  
nozzle   interference,   but   poor   for   the  high  posi t ion.  

I t  was noted   in   per forming   the   ca lcu la t ions  on t h i s   c c n f i g u r a t i o n  

t h a t   t h e   a x i a l   v e l o c i t i e s   i n d u c e d   b y   t h e   j e t  wake on t h e  wing a r e  an 
apprec i ab le   f r ac t ion   o f   t he   f r ee   s t r eam,   pa r t i cu la r ly   fo r   t he   h igh   j e t  
pos i t i on .   Th i s   r e su l t  i s  i l l u s t r a t e d   i n   f i g u r e  2 1 ,  which shows predic ted  
wake-induced v e l o c i t y   v e c t o r s   t o   s c a l e   i n   t h e   v i c i n i t y   o f  a j e t  f o r  
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V/Vj = 0.2.  The major   contr ibutor  t o  t h e   a x i a l   v e l o c i t i e s   n e a r  the wake 
i s  the   double t ,  which a t   t h e  wake boundary  produces  backwash v e l o c i t i e s  
equa l   t o  V in  accordance  with i t s  requirement t o   c a u s e  the f r e e  stream 
t o  flow  around  the wake as i f  it w e r e  a s o l i d   c y l i n d e r .   I n   o r d e r   t o   d e t e r -  
mine how l a r g e  a c o n t r i b u t i o n   t h e  backwash ve loc i t ies   have  t o  the predic ted  
p res su res ,   ca l cu la t lons  w e r e  made without  including any  backwash v e l o c i t i e s .  
The r e s u l t s   a r e  shown i n   f i g u r e  20  as  the dashed  curves. The wing  loading 
(ACp) i s  unchanged because the induced downwash v e l o c i t i e s  on t h e  wing a r e  
unchanged. The differences  between  predicted and measured p res su res   a r e  
not   affected  over   the  forward  par t   of   the   wing,   but   are   decreased  over  the 

rear por t ion .  However, because  of  the large nozzle and s t r u t   i n t e r f e r e n c e ,  
it i s  d i f f i c u l t   t o  draw  any conclusions on the accuracy  of  the  backwash 
ve loc i t i e s   p red ic t ed   by  the model. 

Wing-Lift Fan 

The aerodynamic c h a r a c t e r i s t i c s   o f  a complete model of a V/STOL 
t r anspor t  powered by  fuselage-mounted l i f t   f a n s  and c r u i s e   f a n s   a r e  
r epor t ed   i n   r e f e rence  3 .  A l a r g e  number of  combinations and arrangements 
of  components w e r e  t e s t e d .  O f  t hese ,  tes ts  involv ing   the  wing and l i f t  
fans   (with  fuselage)   can  be  used  to   evaluate   the methods. The l i f t   f a n s  
are  located  spanwise  at   the  29-percent  wing  semispan  station. The two fan  
loca t ions   cons idered   a re   the  low a f t   p o s i t i o n ,   w i t h   t h e   f a n   0 . 7 ~  forward 
and 0 . 6 ~  below  the  wing  section  leading  edge, and the high  forward  posi- 
t i o n ,   w i t h   t h e   f a n   1 . 4 ~   f o r w a r d  and 0.lc  below  the  wing, w h e r e  c is  

t h e  wing chord a t  = 0.29. The da ta   cons i s t   o f  wing  span  load  distribu- 
t i o n s   a t   v a r i o u s   j e t   v e l o c i t y   r a t i o s  ( V / V . ) .  The comparisons  between 
theory and experiment  were  obtained  considering  the l i f t   f a n  performance 
to   be   unaf fec ted   by   the   fuse lage .  

3 

For a case  with a low a f t   p o s i t i o n  of the l i f t   f a n s ,  the component 
arrangement  with  theoretical  j e t  pa th   l oca t ion  and the wing  span  load 
r e s u l t s  are shown i n   f i g u r e  2 2 ( a )  and (b ) ,  respec t ive ly .   F igure   22(a)  
shows t h e   f a n   p o s i t i o n   r e l a t i v e   t o   t h e  wing root chord  section and the 

wind-tunnel  floor. For the   ca se  examined i n  which V/Vj = 0.13, t h e  
fan  wake c e n t e r l i n e  location, predic ted  on the bas i s   o f  a  wake en te r ing  
a crossf low  in   an unbounded flow, would pene t r a t e  the tunne l   f l oo r  
under  the wing as  shown. I n   o r d e r   t o  assess the  importance  of the wake 
de f l ec t ion   due   t o   t he   p re sence   o f   t he   t unne l   f l oo r ,   c a l cu la t ions  w e r e  made 
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wi th  V/Vj = 0.13 b u t   w i t h   t h e  wake placed  on a pa th   s e l ec t ed   t o   r ema in  
above  the  tunnel  f loor  under  the  model.  The modified  path  corresponds to , 

the path  of  a wake i n  an  unbounded f l u i d   f o r  V/Vj = 0.3. 

The r e s u l t i n g  wing  span  loadings  are shown i n   f i g u r e  2 2 ( b ) .  The 
theo re t i ca l   cu rves   co r re spond   t o   t he   j e t -o f f   ca se ,   t he  j e t  wake i n  an 
unbounded f l u i d ,  and t h e  wake on the  modif ied  path.   Data   for  V/Vj = 

and V/Vj = 0.13 a r e  shown. For the   j e t -o f f   ca se  (V/V = a), the   loading  
i s  due t o  camber, and the  agreement  with  experiment is  excel lent .   For  

V/Vj = 0.13, t h e  model o f   t h e  wake i n  an  unbounded f lu id   underpredic t s  
cons iderably   the   j e t - induced   loading   d i s t r ibu t ion .  When t h e  same  wake 

model i s  located  on  the  modified  path,  a l a r g e r   i n t e r f e r e n c e   e f f e c t  is  

predic ted  and the  agreement i s  improved. It i s  appa ren t   t ha t   t he  wake path 
l o c a t i o n   r e l a t i v e   t o   t h e  wing  has a s ign i f i can t   i n f luence   on   t he   p red ic t ed  
wing  interference.  It is  p o s s i b l e   t h a t   t h e   c o n s t r a i n t   o f   t h e   t u n n e l   f l o o r  

had some e f f e c t  on t h e  measured i n t e r f e r e n c e   c h a r a c t e r i s t i c s .  

j 

S imi l a r   r e su l t s   €o r  a h igh   forward   l i f t - fan   pos i t ion   a re  shown i n  
f i g u r e  23. I n   t h i s   c a s e ,  a v e l o c i t y   r a t i o  was se l ec t ed  so t h a t   t h e  

pred ic ted  wake pa th  ( i n  an  unbounded f l u i d )  would n o t   i n t e r s e c t   t h e   t u n n e l  
f l o o r .  The r e l a t i o n s h i p  of the   p red ic t ed  wake p a t h   t o   t h e  wing,  fan, and 

tunne l   f l oo r   a r e  shown i n   f i g u r e   2 3 ( a ) .  The wing  span  load  resul ts   are  
shown i n   f i g u r e   2 3 ( b ) .  The t h e o r y   p r e d i c t s   t h e   o v e r a l l  wing l i f t   c o e f f i -  

c i en t   w i th   i n t e r f e rence   ve ry   we l l .  However, t h e   e f f e c t   o f   i n t e r f e r e n c e  on 

span   l oad   d i s t r ibu t ion   t ends   t o   be   ove rp red ic t ed   nea r   t he   t i p  and under- 
p red ic t ed   nea r   t he   roo t .  

CONCLUDING REMARKS 

Analytical  methods  have  been  developed t o   i n v e s t i g a t e   t h e   a e r o -  

dynamic in t e r f e rence   e f f ec t s   a s soc ia t ed   w i th   c ru i se   f an  and  pod-mounted 

l i f t   f a n   i n s t a l l a t i o n s   i n   t r a n s p o r t - t y p e   a i r c r a f t .  An approach was 
followed i n  which  flow  models  for  each  component  were  developed  which 

are  capable  of  representing  the  performance  of  the component i n  a per turbed 
flow and predic t ing   the   f low  d is turbance   induced   by   the  component. Combina- 

t i on   o f   t he   app ropr i a t e   f l ow  mode l s   i n   an   i t e r a t ive   p rocess   y i e lds   t he   ove r -  

a l l  performance  of   the  configurat ion  with  mutual   interference.   Al though 
r e l a t ive ly   s imp le  component  arrangements w e r e  cons ide red   i n   t h i s   i nves t iga -  
t i on   t o   eva lua te   t he   me thods ,   t he   app roach  is  r e a d i l y   a d a p t a b l e   t o  more 
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complicated  arrangements,   including  multiple  engines and combinations  of 
lift and c ru i se   f ans .  

Re la t ive ly  few d a t a   a r e   a v a i l a b l e   i n   t h e   l i t e r a t u r e   f o r   e v a l u a t i n g  
the c a p a b i l i t y   o f   t h e  methods  developed  herein t o   p r e d i c t   t h e  magnitude 
Of the i n t e r f e r e n c e  on  each  component  of a configurat ion.  Based  on t h e  
comparisons w i t h  d a t a  made i n  the i n v e s t i g a t i o n ,   t h e  models f o r  the wing- 
pylon and h igh-bypass- ra t io   tu rbofan   c ru ise   engine   a re   cons idered   sa t i s -  
f a c t o r y   f o r   p r e d i c t i n g   i n t e r f e r e n c e   e f f e c t s .  The l i f t - f a n  model p r e d i c t s  
the proper t r e n d s ,   b u t  the ava i l ab le   da t a   do   no t  permit an assessment  of 
the accuracy   of   the   p red ic ted   in te r fe rence   load   d i s t r ibu t ions .  

Add i t iona l   t heo re t i ca l  and experimental work i s  d e s i r a b l e  on the 

problem of a j e t  wake i n  a c ros s f low,   pa r t i cu la r ly   fo r   t he   ca se   o f  'a wake 
generated  by a f a n   a d j a c e n t   t o  a wing.  Experimental work should  include 
measurement  of  induced ve loc i t i e s   ad j acen t  t o  the   j e t -a lone   as   wel l   as  
loads  induced on adjacent   a i r f rame components. On t h e   b a s i s   o f   t h e  measured 
wake-induced  flow f i e l d ,   t h e   t h e o r e t i c a l  wake model can  be  evaluated and 
improved as   necessary.   Since  ground  plane  effects  on  wake-induced i n t e r -  
fe rence  may be s ign i f i can t   i n   w ind- tunne l   t e s t ing  and operat ion  of  V/STOL 

a i r c ra f t   nea r   t he   g round ,  work on  wakes i n  a crossf low  near  a ground  plane 
is  des i r ab le .   F ina l ly ,  it would be des i r ab le   i n   expe r imen ta l  work on 
bui ld-up  tes ts   of   complete   configurat ions  to   include  measurements   of   load 
d i s t r i b u t i o n s  and induced   ve loc i t ies   to   a id   in   unders tanding   in te r fe rence  
e f f e c t s  and e v a l u a t i n g   t h e o r e t i c a l  models. 

Nielsen  Engineering & Research,  Inc. 
Mountain V i e w ,  C a l i f o r n i a  

May 1, 1970 
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APPENDIX A 

HORSESHOE  VORTEX INFLUENCE FUNCTIONS 

The funct ions FU, Fv, and Fw i n   e q u a t i o n s  (1) and (2 )  r e l a t e  

the veloci ty   induced  by a horseshoe  vortex  to  i t s  c i r cu la t ion   t h rough  
the   vor tex   conf igura t ion ,   as   impl ied   in   equa t ion  ( 3 ) .  The func t ions  
depend  only upon t h e   c o o r d i n a t e s   r e l a t i v e   t o   t h e   v o r t e x   o f   t h e   p o i n t  
a t  which  the  veloci ty  i s  t o  be computed  and the  vortex  span,  bound l e g  

sweep angle,  and wing panel   dihedral   angle .  

C o n s i d e r   f i r s t  a vortex on t h e   l e f t  wing  panel. The coordinate  
system i s  shown i n   f i g u r e  1. Since  the  horseshoe  vortex l i es  i n   t h e  
chordal   plane  ( the  plane  of   the  wing  panel) ,   the  bound l e g  s w e e p  angle  
11/ used is  the   angle  i n  the  chordal   plane,   whereas   the sweep angle is 
genera l ly   spec i f ied   in   the   p lanform  p lane ,  qhp. The two a re   r e l a t ed   by  

the   d ihedra l   angle   as  

t a n  11/ = tan p cos @ 
P (A-1) 

The induced  velocity is  computed using  the  Biot-Savart   law (ref.  29 ,  

€or   ins tance) ,   wi th   in tegra t ion   over   the   l engths   o f   the  two t r a i l i n g   l e g s  
and t h e  bound leg.  For a horseshoe   vor tex   on   the   l e f t  wing panel ,   the  
resu l t ing   in f luence   func t ions   a re  as follows. The backwash inf luence  
c o e f f i c i e n t  i s  

- ( 2  cos - y s i n  @)cos  11/ 
- [x cos 1c/ - ( y  cos @ + z s i n  $1 s i n  1c/ 2 + ( z  cos @ - y  s i n  1 

(x + s t a n  7 ) )  s i n  7 )  + (y + s cos  @)cos 11/ cos @ + ( z  + s s i n   @ ) c o s  11/ s i n  @ 

[(x + s t a n  1c/)2 + ( y  + s cos ~ 1 2  + ( z  + s s i n  
2l1'* 

- (x - s t a n  @ ) s i n  7 )  + (y  - s cos   @)cos  @ cos @ + (2" s s i n   @ ) c o s  @ 

[(x - s t a n  7 ) )  2 + (y  - s cos ~ 1 2  + ( z  - s s i n  ~ ) 2 ]  1/2 

(A-2 1 
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Appendix A 

T h e  s idewash  inf luence  coeff ic ient  is  

- (x  - s t a n  *) s i n  I/J + ( y  - s-~-cos  @)cos I/J cos @ + (z - s s i n  @) cos 11/ 

[(x - s t a n  2 + (y - s cos @ )  + ( z  - s s i n  @)z 1 1'2 
+ (z - s s i n  @) 

( y - s  cos $ I ) 2 +  (z - s  s i n  $ I ) z  

- (z + s s i n  @) 

( y +  s cos $) + (z + s s i n  @)z 

The downwash i n f l u e n c e   c o e f f i c i e n t  i s  

- "x cos 11, cos 6 + v .  si .n.  11/ 
- [x cos q - (y cos + z s i n  6) s i n  q + (z cos @ - y s i n  ~ 1 2  1 

(x + s t a n  q)  s i n  I/J + (y  + s cos   @)cos  @ cos @ + (z + s s i n   @ ) c o s  I I /  s i n  @ 

x + s  t a n , $ ) 2 +  ( y + s  cos @ ) 2 +  ( z + s  s i n  @)z 1 ll2 

(cont .  on next  page) 
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+ ( y +  s cos ql) 

( y +  s cos @ ) 2 +  ( z + s   s i n  @ ) 2  

For the   case   o f  unyawed vor t ices ,   the   in f luence   coef f ic ien ts   g iven  

above degenerate   to   the  equat ions  given  by  Blackwell   ( ref .  26) f o r  
* = oo. 

Once the   so lu t ion   fo r   t he   vo r t ex  on t h e   l e f t  wing  panel i s  obtained,  
t he   coe f f i c i en t   €o r   t he   vo r t ex  a t  t h e  same r e l a t i v e   p o s i t i o n  on t h e  

r i g h t  wing  panel  can be obtained  by  changing  appropriate   s igns  in  
equations (A-2) through (A-4) . Thus, fo r   bo th  wing panels ,  

where t h e   f i r s t  term i s  t h e   l e f t   p a n e l   v o r t e x   c o n t r i b u t i o n  and t h e  
second t e r m  t he   r i gh t   pane l   con t r ibu t ion .  The same transformations  hold 

f o r  Fv and Fw. 

I n  a s imi la r   fash ion ,   the   cont r ibu t ions   o f   the   vor t ices  on t h e  
pylons  can be obtained from t h e   l e f t  wing  panel  expressions.  Thus, 
for   the   py lons ,  

where t h e   f i r s t  term is  the   con t r ibu t ion   o f   t he   l e f t   py lon ,  which has  a 
"dihedral  angle"  of -~r /2 ,  and the  second  term  represents   the  r ight   pylon 
cont r ibu t ion .  A s  be fo re ,   t he  same t ransformat ions   ho ld   for  Fv and Fw. 
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APPENDIX B 

CALCULATION OF P COEFFICIENTS. 
k, .e 

When comput ing   the   rad ia l   ve loc i ty   (v  ) induced  on the  duct  
YD 

re ference   cy l inder   by   the  bound v o r t i c i t y  (y,) on tha t   cy l inde r ,  
inf luence  coeff ic ients   denoted  as  P a r i s e ;   f o r  example, see 
equation ( 2 2 ) .  These coef f ic ien ts   a re   func t ions   on ly  of the  duct  chord- 
to -d iameter   ra t io  and the i r   major   func t ion  i s  to   e l iminate   the  s ingu-  
l a r i t y  which  occurs when the   ve loc i ty  is  obtained  by  integrating  over 
t h e   s i n g u l a r i t y   d i s t r i b u t i o n .  The P a r ray  i s  tabulated i n  
re ference  30 f o r  c/D < 1. Since  the  chord-to-diameter  ratio of t h e  
core  engine  duct  of a high-bypass-ratio  turbofan  engine i s  general ly  
grea te r   than  1.0, the  equations  for  computing  the P a r r ay   fo r  any 
c/D were  developed  as  follows from the  method descr ibed   in   re fe rences  30 

and 31. 

k, .e 

k, .!? 

k,  .e 

Generally,   the P coef f ic ien ts   a re   g iven  by  equation (2 .10)  of 
k, J 

re ference  30 a s  

where 

(B-1 

(B-2 

The  b a r ray  i s  computed using  the  following  approach from 
reference  31. 

v,cL 

where 
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Appendix B 

I n   t h e  above equations 

' k2 = 4 .. q2 + 4 (B-11) 

M is  an i n t e r v a l   s i z e  and should be an odd  number grea te r   than   or  
equal t o  7. Experience  has shown t h a t   f o r  c / D  > 2,  M = 31 provides 
suff ic ient   accuracy  for   the  calculat ion.  

The following  information i s  known about  the b array.  v,v 

v = O,l, ..., 7 

p = 0,1, ..., 7 

and 

b = 0 when v = 
v,II. 

b = 0 when v + = even 
V Y v  

= -b 
bv,v v, v 
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Figure 1.- Coordinate systems for wing-pylon 
and horseshoe vortices. 
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Horseshoe vortex 
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Figure 2.- Vortex lattice model of a wing-pylon. 
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Figure 3 . -  Wing boundary condit ion.  
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l C y l i n d e r   r e p r e s e n t i n g  

engine 

Figure 4.-  Model of  the  image  system  used t o  r e p r e s e n t   t h e  
inf luence  of   the  engine on the   py lon   span   l oad   d i s t r ibu t ion .  



(a) Axisymmetric  vorticity  distribution. 

(b) Wake velocity  profile. 

I v sin a 

(c)  Angle of attack  vorticity  distribution. 

Figure 5.- High-bypass-ratio turbofan 
engine model. 
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Figure 6.- P red ic t ed   ax ia l   va r i a t ion  of t h e  
wing-pylon  induced downwash a t   f o u r  

l o c a t i o n s   r e l a t i v e   t o   t h e   e n g i n e  
€or t h e  C-5A wing a t  a = 2.5O.  
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Ficrure 7.- Predicted 
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Outboard s i d e  

s ide 

a x i a l   v a r i a t i o n  of the a 

wing-pylon  induced  sidewash a t  four 
l o c a t i o n s   r e l a t i v e   t o   i h e   e n g i n e  
f o r  the C-5A wing a t  a = 2 . 5 O .  
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Figure  8.- L i f t   f a n  wake i n  a c ros s f low.  
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a ,  deg. 

F i g u r e  9.- Comparison  of   predicted  and  measured 
l i f t  and p i t c h i n g  moment on  a  wing-body  with 

a   r e c t a n g u l a r ,   a s p e c t   r a t i o  6, 
cambered  wing. 
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Figure  10.-  Comparison of p r e d i c t e d  and measured  sidewash  and 
downwash beneath  the  mid-semispan of a s p e c t   r a t i o  4 wing 

w i t h  A = 4 5 O  a t  a = Eo. 
c/4 
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(b) Distance  below wing of 0.2 chord. 

Figure 10.- Concluded. 
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Figure 11.- Comparison of t w o  t heo re t i ca l  methods fo r   add i t iona l  
span  load d i s t r ibu t ion  on  a swept  wing-pylon. 
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(b) A d d i t i o n a l   l o a d i n g  a t  a = 4.5O. 

F i g u r e  1 2 . -  I n t e r f e r e n c e   b u i l d - u p   o n  a C-5A wing 
w i t h   o u t b o a r d   e n g i n e   a n d   p y l o n  a t  Mm = 0.7. 
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(b) O u t e r   p y l o n   s t a t i o n ,  q = 0.568. 

F i g u r e  13.- Comparison  between  measured  and  predicted 
w i n g   s e c t i o n   l i f t   c o e f f i c i e n t s   a t  three s t a t i o n s  on 

a C-5A model w i t h  inner   py lon   removed.  & =  0.7.  
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Figure 14.- Comparison  of  predicted and measured  wing  chordwise 

C-5A model with  the  inboard  pylon and engine removed 
pressure   d i s t r ibu t ions   a t   the   inboard   py lon   s ta t ion   for  a , 

a = 2 . 5 O  and M = 0 . 7 .  
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F i g u r e  15.-  Comparison of predicted and  measured  wing  chordwise 
p r e s s u r e   d i s t r i b u t i o n s   a t   t h e   o u t b o a r d   p y l o n   s t a t i o n  f o r  a 
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F igure  15.- Concluded. 
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F i g u r e  16.- Comparison of predicted  and  measured  chordwise  pressure 
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Figure 1 7 . -  Comparison  of predicted and measured 
j e t   i n t e r f e r e n c e  on g r o s s   l i f t  and moment 

for a rec tangular  wing 
of a s p e c t   r a t i o  6. 

78 



0.04 

0 . 0 3  

0.02 

0.01 

0 

- cc.t 
2b 

-0.01 

-0.02 

-0.03 

-0.04 

I I I I I I I I I 

1 V/V. = m 
J 

Spanwise 
t h e   j e t  

0.1 0 . 2  0 . 3  0.4 0 . 5  0 .6  0.7 0 .8  

7 

( a )  High j e t  p o s i t i o n ,   c e n t e r e d  0 . 2 5 ~  ahead of 
and 0.11~ above  leading  edge.  

F i g u r e  18.- Comparison of p red ic t ed   and   expe r imen ta l   span   l oad  
d i s t r i b u t i o n   w i t h  j e t  i n t e r f e r e n c e   o n  a r e c t a n g u l a r   w i n g  
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F i g u r e  18.- Concluded .  
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Figure 19.- Surface  pressure  distributions 
on an NACA 4415  airfoil  section 

at a = 0. 
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Figure 2 0 . -  Comparison of predicted and measured 
pressure  distributions  at   the  quarter 
aemispan s t a t i o n   o f  a rectangular  wing 

of f i  = 6 i n  the plane of an upstream 
v e r t i c a l  jet for  V/Vj - 0 .2 .  
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Figure 20.- Concluded. 

83 



-2 

-1 

z/d 

0 

1 

V 

Figure 21.- Predicted  induced flow field in  the symmetry plane 
of a jet in a crosswind for V/Vj = 0.2. 
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Figure 22.-  J e t   p a t h  and wing   span   load   charac te r i s t ics  fo r  a t r a n s p o r t  
a i r c r a f t   w i t h   l i f t   f a n s   l o c a t e d   i n  a low a f t   p o s i t i o n   f o r  V/Vj = 0.13. 
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(b) Comparison of predicted and measured 
wing  span load characteristics. 

Figure 22.- Concluded. 
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(a )   Rela t ion   of   j e t   pa th   to   wind- tunnel   f loor .  

Figure 23.- Je t  path and wing span Load c h a r a c t e r i s t i c s   f o r  a t r a n s p o r t  
a i r c r a f t  with l i f t   f a n s   l o c a t e d  i n  a high forward  posi t ion  for  V/Vj = 0.38. 
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(b) Comparison of predicted and  measured 
wing   span   l oad   cha rac t e r i s t i c s .  

Figure 23 . -  Concluded. 
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